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I. REAL PARTY IN INTEREST 

Kosan Biosciences, Inc. of 3832 Bay Center Place, Hayward, California, 94545, is the real 
party in interest and sole assignee of the present application by virtue of the assignment recorded at 
reel/frame number 009419/0446. 

II. RELATED APPEALS, INTERFERENCES, AND JUDICIAL PROCEEDINGS 

There are no other appeals, interferences, or judicial proceedings which will directly affect 
or be directly affected by or have a bearing on the Board's decision in this appeal. 

III. STATUS OF CLAIMS 

Claims 1, 3, 5-6, 8, 10, 12-14, 40, and 41 are pending. Claims 2, 4, 7, 9, 1 1, 15-39 have 
been cancelled. Applicants appeal the final rejection of claims 1, 3, 5, 6, 8, 10, 12-14, 40 and 41, in 
the Office Action mailed January 27, 2005. Claims 1, 3, 5, 6, 8, 10, 12-14 stand rejected under 35 
U.S.C. § 1 12, first paragraph for an alleged lack of written description and for allegedly lacking 
enablement. Claims 8, 10, 12-14, 40 and 41 stand rejected under 35 U.S.C. § 112, second 
paragraph, for allegedly being indefinite. 

IV. STATUS OF AMENDMENTS 

Applicant did not file an Amendment After Final Rejection. 

V. SUMMARY OF CLAIMED SUBJECT MATTER 

The invention relates, in part, to the production of polyketides in recombinant E. coli or 
yeast host cells. Polyketides are natural products that are assembled by a series of 
decarboxylation/condensation reactions catalyzed by polyketide synthase (PKS). The grown chain 
is assembled on an acyl carrier protein (ACP), which requires the attachment of a 
4'phosphopantetheine co factor to produce an active holo-ACP. The present invention embodies the 
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discovery that recombinant E. coli or yeast host cells normally incapable of producing polyketides 
can be modified to contain an expression systems encoding a polyketide synthase (PKS) and an 
expression system comprising a holo acyl carrier protein (ACP) synthase which is not associated 
with fatty acid synthesis, and that pantetheinylates the PKS. By doing so, these modified E. coli or 
yeast host cells become capable of producing polyketides. 

VI. GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

The issues on appeal can be separated into two groups, the first group relates to the alleged 
lack of written description and enablement of the claim language reciting a holo acyl carrier protein 
(ACP) synthase which is not associated with fatty acid synthesis. The second group relates to the 
definiteness of the claim language in claims 8, 10, 12-14, 40 and 41. 

Vn. ARGUMENT 

A. The Pending Claims Satisfy the Written Description Requirement 

Claims 1,3,5, 6, 8, 10, 12-14 and 40 stand rejected under 35 U.S.C. § 112, first paragraph 
for allegedly lacking sufficient written support. The patent statue requires that an applicant describe 
a claimed invention in sufficient detail such that one of ordinary skill in the art could reasonably 
conclude that the applicant was in possession of the claimed invention at the time the application 
was filed. EnzoBiochem, Inc. v. Gen-Probe Inc., 296 F.3d 1316, 1330 (Fed. Cir. 2002). The 
claimed invention recites the use of ACP synthases that are not associated with fatty acid synthesis. 
The Examiner finally rejected the pending claims by alleging that the present application does not 
sufficiently describe this genus of enzymes. Applicants respectfully disagree. 

The present application discloses which ACP synthases are to be used with the claimed 
invention in sufficient detail as to permit one of ordinary skill in the art reasonably conclude that 
applicants were in possession of the claimed invention at the time of filing. In relevant part, the 
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pending claims require the use of ACP synthases that are not associated with fatty acid synthesis. 
At the time the invention was filed, those of ordinary skill in the relevant art classified ACP 
synthases also known as phosphopantetheine transferases (EC 2.7.8.7, see, e.g., 
http://www.chem.qmul.ac.uk/iubmb/enzyme/) into three groups according to their sequence 
homologies and substrate spectrum. The first group is the ACPS type, named for the AcpS of E. 
coli. ACP synthases of this type are about 120 amino acids long and are found in almost all 
microorganisms. See Mootz, et al. (2001), J. Biol. Chem. 276 (40): 37289-37298.) The second 
group of ACP synthases is modeled after Sfp ofB. subtilis. These enzymes are typically about 240 
amino acids in length. Id. The third group of ACPases is an integrated enzyme found in the C- 
terminal domain of the multifunctional FAS2. Id. In light of this classification system which was 
known in the art at the relevant time period, the specifications use of the language "not associated 
with fatty acid synthesis" was sufficient to inform one of ordinary skill in the art that ACP synthases 
of the first group were to be used with the teachings of the specification. 

It would have been trivial for one of ordinary skill in the art to distinguish between an ACP 
synthase that was not associated with fatty acid synthesis and one that was associated at the time the 
application was filed. At the time the application was filed it was understood by those of ordinary 
skill in the art that certain ACP synthases were associated with fatty acid production and others that 
were not associated. This point is illustrated by the work of Gehring, et al., which discusses the 
generally inability of E. coli to produce polyketides using a fatty acid biosynthesis enzyme. 
Gehring, et al (1996) Curr. Biol. 4:17-24. Additionally, Applicants point to the work of Lambalot 
et al who were pioneers in the field to characterize the phosphopantetheinyl transferase 
superfamily. In their 1996 Chemistry & Biology paper, Lambalot et al describes a new family of 
ACP synthases that catalyze the transfer of the 4'phosphantetheine group to form holo-ACP by 
comparing various enzyme sequences to the E. coli ACP synthases, ACPS, EntD, ol95 and the B. 
subtilis protein Sfp. Lambalot, et al (1996) Chem BioL 3(1 l):923-36. ACPS and EntD are 
specific for fatty acid synthase and enterobactin synthetase. The B. subtilis Sfp is specific for 

1 . "In general, holo ACP synthases associated with fatty acid synthesis are not suitable; rather, synthases 
associated specifically with polyketide synthesis or with synthesis of nonribosomal proteins are useful in this regard." 

4 



sd-271035 



Application No.: 09/851,650 



Docket No.: 300622001610 



surfactin synthetase. Thus, those of ordinary skill in the art were aware of a variety of different 
ACP synthases and could identify those that were suitable to pantetheinylate a minimal modular or 
fungal PKS. 

Table 1 of the Lambalot et al paper illustrates this point by providing a list of ACP synthase 
homologs, the sequences of all but two of which were publicly available at the relevant time period. 
This list clearly delineates ACP synthases not associated with fatty acid synthesis and those 
associated with fatty acid synthesis. The ACP synthases that are approximately 225 amino acids in 
length are primarily associated with polyketide synthesis or non-ribosomal peptide synthesis while 
those ACP synthases associated with fatty acid synthesis, such as E. coli ACPS, are either markedly 
shorter in length (E. coli ACPS 126 amino acids) or significantly longer, such as FAS2 of S. 
cerevisiae, which is 1894 amino acids long. The one aberration in the table is HI0152 of H. 
influenzae, which Lambalot, et al classified as being associated with fatty acid synthesis. This 
enzyme proves the rule, however as it was subsequently reclassified as being in the polyketide 
associated class comprising sfp, gsp, hetl, and acpT. (See Accession No. P43954 for HI0152.) 

The Examiner alleged in the final Office Action that the claim limitation failed to provide 
sufficient structure in addition to the recited function to satisfy the written description requirement. 
Applicants disagree. Those of ordinary skill in the art would have been cognizant at the relevant 
time that the structural similarities, for example the length of the amino acid sequences of each 
enzyme, was a distinguishing factor for each group of ACP synthetases. In view of the overall 
amino acid sequence length (approximately 225 amino acids) for group II, one of ordinary skill in 
the art could readily understand that ACP synthases of group II were to be used in the presently 
claimed invention. Furthermore, the differences in amino acid sequence length observed between 
ACP synthases associated with fatty acid synthesis and those associated with polyketide synthesis 
provide a concrete selection criterion that one of ordinary skill in the art could use with the 
disclosed assays, to select appropriate synthases for use with the claimed invention. 



Specification, page 8, lines 3-5. 
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Thus, in view of the language of the pending claims, the support for the claim language 
found in the specification and the state of the art at the relevant time period, one of ordinary skill in 
the art would reasonably conclude that Applicants were in possession of the claimed subject matter 
at the time the application was filed. As such, Applicants request that the Board overturn the 
present rejection. 

B. The Pending Claims Satisfy the Enablement Requirement 

Claims 1, 3, 5, 6, 8, 10, 12-14 and 40 stand rejected under 35 U.S.C. § 1 12, first paragraph 
for allegedly not being supported by an enabling disclosure. "To be enabling, the specification of a 
patent must teach those skilled in the art to make and use the full scope of the claimed invention 
without 'undue experimentation' ... Nothing more than objective enablement is required, and 
therefore it is irrelevant whether this teaching is provided through broad terminology or illustrative 
examples." In re Wright, 999 F.2d 1557, 1561 (Fed. Cir. 1993). Enablement "is not precluded even 
if some experimentation is necessary, although the amount of experimentation needed must not be 
unduly extensive." See Hybritech Inc. v. Monoclonal Antibodies, Inc., 802 F.2d 1367 (Fed. Cir. 
1986). Moreover, the Federal Circuit has held that enablement of a genus under § 1 12, ^ 1 may be 
accomplished by showing the enablement of a representative number of species within that genus. 
Regents of University of California v. Eli Lilly & Co., 1 19 F.3d 1559 (Fed. Cir. 1997). The Office 
has alleged that the pending claims are not enabled for all holo ACP synthases that pantetheinylate 
PKSs. Applicants disagree and respectfully submit that the full scope of the present claims is 
enabled because a representative number of species within the claimed genus have been disclosed. 

At the relevant point in time, one of ordinary skill in the art would be able to practice the full 
scope of the claimed invention without undue experimentation. Specifically, the full scope of the 
claimed invention was enabled because the skilled artisan could recognize a suitable ACP synthase 
based on amino acid length. This point is illustrated by Lambalot et al. (1996) paper. Table 1 of 
this paper lists 23 ACP synthases. ACP synthases which are not associated with fatty acid synthesis 
are those with enzymes having from approximately 209 to 297 amino acids. Those enzymes with 
less than about 130 residues or those with substantially greater than about 1,500 residues, such as 
those in the 1,559 to 1,894 amino acid range, are associated with fatty acid synthesis. Thus, based 
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on just the amino acid sequence lengths of those enzymes, one of ordinary skill in the art would be 
guided to which enzymes to use in the claimed method. Furthermore, the identification of new ACP 
synthases which could possibly function in the claimed invention could be achieved by comparing 
the amino acid sequence of those new enzymes with the known members of the enzyme family, as 
discussed and practiced in the Lambalot et al (1996) paper. Accordingly, while some 
experimentation might be required to practice the claimed invention with any ACP synthase, the 
quantity and nature of that experimentation would not be "undue" given the level of knowledge that 
existed in the art coupled with the guidance provided in the specification. 

Furthermore, the full scope of the pending claims has been enabled because one of ordinary 
skill in the art would be cognizant of which ACP synthetases could be used with the claimed 
invention. The working examples of the present application show the use of three different ACP 
synthases, each obtained from a different species; the B. subtilis enzyme Sfp (Exs. 3, 4 and 6), the 
E. coli enzyme EntD (Ex. 6) and the B. brevis enzyme Gsp (Ex. 6). The Lambalot et al (1996) 
paper disclosed 12 different ACP synthase enzymes (EntD, Sfp, Psf-1, Gsp, etc.), which are not 
associated with fatty acid synthase and can be practices within the scope of the claimed invention. 
Comparing the two disclosures, the present application provides working examples with about a 
third of the enzymes known at the relevant time point. In view of this, Applicants submit that the 
working examples provided entitle them to claim the genus disclosed in the pending claims because 
they have illustrated the claimed subject matter with a representative number of species. As such, 
the pending claims are supported by an enabling disclosure. 

In view of this, Applicants submit that one of ordinary skill in the art would not need to 
engage in undue experimentation to practice the claimed invention. Accordingly, the Board should 
overturn the present rejection. 

C. The Phrase "Different PKS" Recited in Claims 13 and 14 is Definite 

The Examiner rejected claims 13 and 14 under 35 U.S.C. § 1 12, second paragraph, as 
allegedly being indefinite in the requirement of "different" PKSs. "[T]he claims, read in light of the 
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specification, [must] reasonably apprise those skilled in the art and are as precise as the subject 
matter permits. As a matter of law, no court can demand more." Hybritech at 1385. 

The language of claims 13 and 14 is clear and meets the requirements of 35 U.S.C. § 112, 
second paragraph. The meaning of the phrase "wherein said first and second PKS are different" in 
claim 13 is clear and simply requires is that the first and second PKSs be "different" from one 
another. The Examiner complained in the final Office Action that the term was not defined in the 
specification. No special definition beyond that commonly recognized by those of ordinary skill in 
the art is required as it is clear on its face. Specifically, the "different" means simply, "not the 
same" and thus the term encompasses any difference. The Examiner has made this issue overly 
complex in an attempt to force Applicants to narrow the scope of the claim. Applicants have 
declined this invitation and request that the Board obviate the present rejection. 

D. The Phrase "Encoding A Ketoreductase (KR) Activity" is Definite 

The Examiner rejected claim 14 under 35 U.S.C. § 1 12, second paragraph, as allegedly 
being indefinite in reciting the phrase "encoding a ketoreductase (KR) activity". The rejected claim 
no longer recites this language. Furthermore, the Examiner admitted in the Action that Applicants' 
amendments had obviated the grounds of the original rejection by eliminating this language from 
the claim. (Final Office Action, page 5, paragraph 13.) As such, the reasons supporting this 
rejection have been overcome and so the rejection should have been withdrawn. 

Instead of withdrawing the rejection, the Examiner maintained it arguing that "more 
appropriate language" would be clearer. Applicants disagree. When read in light of the entire claim 
and the specification, the skilled artisan would understand that the claimed nucleotide sequence 
encoding the first or second module would comprise additional nucleic acids which encode a 
protein having a particular activity. One of ordinary skill in the art reading the claim language in 
conjunction with the specification would readily understand the metes and bounds of the subject 
matter Applicants regard as their invention. As such, the present rejection should be overturned by 
the Board. 
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E. The Conjunctions Recited are Definite 

The Examiner rejected claims 8 5 10, and 12-14 under 35 U.S.C. § 112, second paragraph, as 
allegedly being indefinite. The Examiner's confusion regarding the structure of the claim was 
apparently the basis for this rejection. The question of clarity is properly judged not from the 
Examiner's point of view but from the viewpoint of one of ordinary skill in the art. 

The conjunctions used to link the various elements of the claim would be clear to one of 
ordinary skill in the art. For example, the plain meaning of the language recited in independent 
claim 8 provides that either the elements recited in a) or the elements of b) are to be used with the 
elements of section c) of this claim. Elements a) and b) are alternatives and thus are linked by the 
conjunction "or". The element c) is to be included with a) or b) and thus it is listed using the 
conjunction "and". One of ordinary skill in the art would readily be able to ascertain the metes and 
bounds of the claim by reading it either alone or in conjunction with the specification. As such, 
Applicants request the Board to overturn the present rejection. 

F. Claims 40 and 41 

Applicants admit that claims 40 and 41 contain a typographical error in reciting claim 16 for 
antecedent basis. These should depend from claims 1 and 8 instead of claims 1 and 16. Applicants 
will attend to this error once the present appeal has been resolved. 

VIIL CLAIMS APPENDIX 

A copy of the claims involved in the present appeal is attached hereto as Appendix A. As 
indicated above, the claims in Appendix A do include the amendments filed by Applicant on 
October 29, 2004. 

IX. EVIDENCE APPENDIX 

No evidence pursuant to § § 1 . 1 30, 1 . 1 3 1 , or 1 . 1 32 or entered by or relied upon by the 
examiner is being submitted. References cited herein are attached hereto as Appendix B. 
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X. RELATED PROCEEDINGS APPENDIX 

No related proceedings are referenced in Heading II above, or copies of decisions in related' 
proceedings are not provided, hence no Appendix is included. 

Dated: October 27, 2005 Respectfully submitted, 




MORRISON & FOERSTER LLP 
12351 High Bluff Drive 
Suite 100 

San Diego, California 92130-2332 
(858) 720-7940 
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APPENDIX A 

Claims Involved in the Appeal of Application Serial No. 09/851,650 

1 . (previously presented) A modified recombinant E. coli or yeast host cell, which, in 
unmodified form, does not produce polyketides, which cell is modified to contain an expression 
system that comprises at least one nucleotide sequence that encodes a minimal modular or fungal 
polyketide synthase (PKS) capable of being expressed and an expression system that comprises at 
least one nucleotide sequence that encodes a holo acyl carrier protein (ACP) synthase, wherein the 
ACP synthase pantetheinylates said PKS and said ACP synthase is not associated with fatty acid 
synthesis, 

said minimal PKS comprising a ketosynthase (KS) catalytic region, an acyl transferase (AT) 
catalytic region, and an ACP domain for a modular PKS or a fungal PKS. 

2. (canceled) 

3. (previously presented) The modified cell of claim 1 wherein said minimal PKS is 
the synthase for 6-methyl salicylic acid. 

4. (canceled) 

5. (original) The modified cell of claim 1 wherein said expression system for said 
minimal PKS and said expression system for said holo ACP synthase are present on separate 
vectors. 

6. (original) The modified cell of claim 1 wherein at least one of said expression 
systems is integrated into the host cell chromosome. 

7. (canceled) 
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8. (previously presented) A modified recombinant yeast, E. coli, or plant host cell, 
which, in unmodified form does not produce polyketides, wherein the recombinant host cells is 
modified to contain either 

a) at least a first and a second vector; said first vector containing a first selectable 
marker and a first expression system and said second vector containing a second selectable marker 
and a second expression system and optionally additional vectors containing additional selectable 
markers and expression systems wherein said expression systems contained on said vectors are 
effective to produce at least a minimal PKS; or 

b) at least one vector and a modified chromosome, said one vector containing a first 
selectable marker and a first expression system and said modified chromosome containing a second 
expression system and optionally additional vectors containing additional selectable markers and 
expression systems wherein said expression systems contained on said vectors in combination with 
said expression system on said chromosome are effective to produce at least a minimal PKS; and 

c) a recombinant expression system for a holo ACP synthase capable of being 
expressed and effective in the pantetheinylation of said PKS; 

wherein said minimal PKS comprising a KS catalytic region, an AT catalytic region, and an 
ACP domain for a modular PKS. 

9. (canceled) 

10. (previously presented) The cell of claim 8 which further contains an expression 
system for a cell-based detection system that comprises at least one nucleotide sequence that 
encodes a protein that is responsive to a polyketide. 

11. (canceled) 

12. (previously presented) The cell of claim 8 which produces at least a minimal 
modular PKS and which contains 

12 

sd-271035 



Application No.: 09/851,650 



Docket No.: 300622001610 



a) a first vector containing a first selectable marker and a first expression system, 
wherein said first expression system comprises a nucleotide sequence encoding at least a first 
module of a PKS operably linked to a promoter operable in said cell; and 

b) a second vector containing a second selectable marker and a second expression 
system, wherein said second expression system comprises a nucleotide sequence encoding at least a 
second module of a polyketide synthase operably linked to a promoter operable in said cell. 

13. (previously presented) The cell of claim 12 wherein said first module is that of a 
first PKS and said second module is that of a second PKS, wherein said first and second PKS are 
different. 

14. (previously presented) The cell of claim 13 wherein said nucleotide sequence 
encoding at least a first or a second module further contains a nucleotide sequence encoding a 
protein having ketoreductase (KR) activity; or 

wherein the nucleotide sequence encoding at least a first or a second module further contains 
a nucleotide sequence encoding a protein having KR activity and a protein having dehydratase (DH) 
activity; or 

wherein said nucleotide sequence encoding at least a first or a second module further 
contains a nucleotide sequence encoding a protein having KR activity, a protein having DH activity 
and a protein having enoylreductase (ER) activity; and/or 

wherein said nucleotide sequence encoding at least a first or a second module further 
contains a nucleotide sequence encoding a protein having thioesterase (TE) activity. 

15-39. (canceled) 

40. (previously presented) The cell of claim 1 or 16 wherein the holo ACP synthase is 
native to Bacillus. 
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41 . (previously presented) The cell of claim 1 or 16 wherein the holo ACP synthase is 
EntD, GsP, or sfp. 
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APPENDIX B 

Cited References 
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IUBMB Enzyme Nomenclature 

EC 2.7.8.7 

Common name: holo-[acyl-carrier-protein] synthase 

Reaction: CoA + apo-[acyl-carrier protein] = adenosine 3 f ,5 ? -bisphosphate + holo-[acyl-carrier 
protein] 

Other names: acyl carrier protein holoprotein (holo-ACP) synthetase; holo-ACP synthetase; 
coenzyme A: fatty acid synthetase apoenzyme 4 f -phosphopantetheine transferase; holosynthase; acyl 
carrier protein synthetase; holo-ACP synthase 

Systematic name: CoA:apo-[acyl-carrier-protein] pantetheinephosphotransferase 

Links to other databases: BRENDA , EXPASY , KEGG , ERGO , PDB, CAS registry number: 
37278-30-1 

References: 

1 . Elovson, J. and Vagelos, P.R. Acyl carrier protein. X. Acyl carrier protein synthetase. Biol 
Chem. 243 (1968) 3603-361 1. [Medline UI: 68313114] 

2. Prescott, DJ. and Vagelos, P.R. Acyl carrier protein. Adv. Enzymol. Relat. Areas Mol Biol 36 
(1972) 269-31 1. [Medline UI: 73004927] 

[EC 2.7.8.7 created 1972] 



Return to EC 2.7.8 home page 
Return to EC 2.7 home page 
Return to EC 2 home page 
Return to Enzymes home page 

Return to IUBMB Biochemical Nomenclature home page 
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4'-PhosphopainitetIheiiiie transferases (PPTases) trans- 
fer tone 4'-phospIhiQpamtetIbieine moiety of coenzyiine A 
onto a conserved serine residue of acyl carrier proteins 
(ACPs) of fatty acid and polyketide synthases as well as 
peptidyl carrier proteins (PCPs) of momrifoosoimall pep- 
tide synthetases. This posttiranslational modification 
converts ACPs and PCPs ISrom their inactive ap© into the 
active holo fonna. We Suave investigated the 4'-phospho- 
pantetheinylation reaction in Bacillus subtilis f am orga- 
nism containing in total 43 ACPs and PCPs fount only two 
PPTases, the acyl carrier protein synthase AcpS of pri- 
mary metabolism and Sfp, a PPTase of secondary metab- 
olism associated with the nonribosomal peptide synthe- 
tase for tike peptide antibiotic surfactin. We identified 
and domed ydcB encoding AcpS 1grom B, subtilis, which 
complemented an Eocherich im coli acps disruption mus- 
tant. B. subUlis AcpS and its substrate ACP were bio- 
chemically characterized. AcpS also modified tine D-ala- 
nyl carrier protein bunt failed to recognize PCP and an 
acyl carrier protein of secondary metabolism discov- 
ered in tMs study, designated AcpK, that was not iden- 
tified by the Bacillus genome project. On the other 
hand, Sfip was able to modify in vitro all acyl carrier 
proteins tested* We thereby extend the reported broad 
specificity of this enzyme to the homologous ACP. This 
in vitro cross-interaction between primary and second- 
ary metabolism was confirmed minder physiological in 
vivo conditions by the construction of a ydcB deletion in 
a B. subtilis sfp + strain. The genes coding for S%> and its 
homolog Gsp from Bacillus brevis could also comple- 
ment the K coli acps disruption. These results call into 
question the essential role of AcpS in strains that con- 
tain a Stfp-li&e PPTase and consequently the suitability 
of AcpS as a microbial target in such strains. 



4'-Phosphopantetheine (Ppant) 1 is an essential prosthetic 



* Work in the laboratory of M. A M. was supported by Deutsche 
Forschungsgemeinschaft and Fonds der Chemischen Industrie. The 
costs of publication of this article were defrayed in part by the payment 
of page charges. This article must therefore be hereby marked "adver- 
tisement* in accordance with 18 U.S.C. Section 1734 solely to indicate 
this fact 

The nucleotide sequenced) reported in this paper has been submitted 
to the GenBank™/EBIData Bank with accession numberts) AF260727. 

t A Ph.D. fellow of Stiftung Stipendien-Fonds des Verbandes der 
Chemischen Industrie. 

§ These authors contributed equally to this work. 

% To whom correspondence should be addressed: Philipps-Universitfit 
Marburg, Fachbereich Chemie/Biochemie, Hans-Meerwein-Str., D- 
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group of several acyl carrier proteins involved in pathways of 
primary and secondary metabolism. These include acyl carrier 
proteins (ACPs) of fatty acid synthases (FASs), ACPs of 
polyketide synthases (PKSs), and peptidyl carrier proteins 
(PCPs) and aryl carrier proteins of nonribosomal peptide syn- 
thetases (NRPSs) (1, 2). The free thiol moiety of Ppant serves to 
covalently bind the acyl reaction intermediates as thioesters 
during the multistep assembly of the monomelic precursors, 
typically acetyl, malonyl, and aminoacyl groups. Ppant fulfills 
two demands in these biosynthetic pathways. First, the inter- 
mediates remain covalently tethered to the multifunctional 
enzyme templates in an energy-rich linkage. Second, the flex- 
ibility and length of Ppant (about 20 A) facilitates the transport 
of the intermediates to the spatially distinct reaction centers. 
The Ppant moiety is derived from coenzyme A (CoA) and post- 
translationally transferred onto an invariant serine side chain. 
This Mg 2 " 1 " -dependent conversion of the apoproteins to the no- 
nproteins is catalyzed by the 4'-phosphopantetheine trans- 
ferases (PPTases) (1, 2) (see Fig. 1). 

Most organisms that employ more than one Ppant-depend- 
ent pathway also contain more than one PPTase. For example, 
Escherichia coli has three PPTases, namely the acyl carrier 
protein synthase AcpS involved in fatty arid synthesis, EntD 
involved in synthesis of the siderophore enterobactin, and the 
gene product of yhhtl, with as yet unknown physiological func- 
tion (1, 3). Interestingly, PPTases of different pathways can 
have overlapping selectivity for their cognate acyl carrier pro- 
tein partner. In E. coli, AcpS and EntD have reciprocal speci- 
ficities, with AcpS only recognizing ACP and EntD only accept- 
ing the PCPs of the enterobactin NRPS (1). In contrast, Sfp, the 
PPTase of the surfactin NRPS of Bacillus subtilis, was shown 
to also phosphopantetheinylate heterologous ACPs of FASs and 
PKSs (1, 4, 5). 

PPTases have been classified in three groups according to 
their sequence homologies and substrate spectrum. The first 
group is the AcpS type with AcpS of Escherichia coli as the 
name-giving prototype. PPTases of this type are about 120 aa 
in length, are found in almost all microorganisms for the mod- 
ification of fatty arid ACP, and were shown to accept as sub- 
strate also ACPs of type II PKS systems (6). The PPTase Sfp of 
B. subtilis is the prototype of the second group. Enzymes of this 
type are about 240 aa in length and have mostly been found 
associated with the gene clusters for nonribosomal peptide 
synthesis. The well characterized Sfp exhibits an extraordinar- 
ily broad substrate specificity and could modify all acyl carrier 
protein substrates tested, including PCPs of NRPS as well as 



bosomal peptide synthetase; PCP, peptidyl carrier protein; PCR, polym- 
erase chain reaction; PKS, polyketide synthase; PPTase, 4'-phospho- 
pantetheine transferase; Sfp, PPTase involved in surfactin production; 
aa, amino acid(s); bp, base pain's); kb, kilobase pair(s); HPLC, high 
pressure liquid chromatography; MES, 4-morpholineethanesulfonic 
acid. 
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Fig. 1. Activity of PPT ases. PPTases catalyze the posttranslational transfer of the 4'.phosphopante&eine moiety of CoA onto a conserved 
is dependent on Mg 2 * and yields 3 ,5 -ADP as a second product. 



ACPs of FAS and PKS. The third group is an integrated 
PPTase found as the C-terminal domain of the multifunctional 
FAS2, for example in Saccharomyces cerevisiae (7). This clas- 
sification has recently been further supported by structural 
studies. The monomelic Sfp was found to fold in two domains 
with similar topology (8). In Sfp, CoA is bound at the interface 
of this pseudohomodimer. Interestingly, both domains exhibit 
sequence homology to members of the AcpS group, which are 
only half the size of Sfp. Two highly similar structures of 
enzymes of the AcpS group have recently been reported, 
namely AcpS of B. subtilis (9) and Streptococcus pneumoniae 
(10). In both structures, AcpS forms a trimer. As was already 
suggested from the Sfp structure, each AcpS monomer has the 
same folding as the two Sfp subdomains. However, since three 
AcpS subunits are present in this structure, three CoA binding 
sites are generated at the subunit interfaces. 

In this work, we set out to characterize the 4'-phospho- 
pantetheinylation reactions in B. subtilis. This organism is of 
special interest in this respect, because it contains a large 
number of Ppant-dependent pathways of primary and second- 
ary metabolism but only two PPTases, AcpS and Sfp (see Fig. 
2). We report on the biochemical characterization of AcpS and 
the identification of a second acyl carrier protein in B. subtilis t 
designated AcpK, and define the specificity of the two PPTases 
for the different acyl carrier proteins. As suggested from the in 
vitro data, we found that AcpS of B. subtilis is not essential in 
strains that are sfp + . From these results and from genetic 
complementation studies in E. coli y we present a refined model 
for the substrate spectrum of PPTases of the AcpS and Sfp type 
and consequences for their suitability as microbial targets. 

EXPERIMENTAL PROCEDURES 

General Techniques— E. coli was grown on LB medium. B. subtilis 
was usually grown and maintained on Difco sporulation medium (11); 
however, for preparations of chromosomal DNA, it was also grown on 
LB medium. Antibiotics were used at the following concentrations for J?. 
coli: ampicillin, 100 ng/ml; spectinomycin, 100 /ig/ml; kanamycin, 60 
/ig/ml (25 fig/ml for Ml5/pREP4 strains). For B. subtilis, the following 
concentrations were used: chloramphenicol, 10 ng/ml; spectinomycin, 
100 ngfml; MLS, erythromycin (1 ng/ml) plus lincomycin (25 /ig/ml). 

For E. coli techniques, such as transformation, plasmid preparation, 
and PI phage transduction, standard protocols were used (12, 13). Vent 
polymerase (New England Biolabs, Schwalbach, Germany) was used to 
amplify gene fragments for cloning and expression purposes, and the 
Expand Long Range PCR system (Roche Molecular Biochemicals) was 
used for control PCRs and for the amplification of fragments used for 
transformations. Oligonucleotides were purchased from MWG Biotech. 
PH]CoA was purchased from Hartmann Analytics (Braunschweig, 
Germany). 

Gene Knockout and Gene Introduction into E. coli and B. subtilis— 
For manipulations in the chromosome of E. coli, we used the polA strain 
HSK42, which is unable to replicate ColEl-based plasmids. When 
transformed with such a plasmid, integration into the chromosome 
must occur under selective conditions. Double crossover transformants 
were identified by testing for sensitivity against ampicillin and were 
confirmed by PCR analysis of chromosomal DNA (for the nrdD locus 
oligonucleotides El (5 '-GATTATTGCGCCACTGTTGC-3 ') and E2 (5'- 
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Fig. 2. Genetic maps of the £ coli and B. subtilis genomes. The 
genetic loci relevant for this study are shown on the genetic maps of E. 
coli (A) and B. subtilis (B). Genes encoding PPTases as well as the nrdD 
and omyE loci, that were used to introduce second copies of ocps and 
ydcB, respectively, are marked outside the circle. The insertion and 
deletion strategy for the disruption of E. coli ocps and B. subtilis ydcB 
is indicated above these gene loci. Genes and gene cluster-encoding acyl 
carrier proteins, their numbers given in parentheses, are shown inside 
the circle. 

TCATTTTCCCACACGCCGAG-3'), annealing at the nrdD gene, were 
used). B. subtilis strains were transformed according to the protocol of 
Klein et al. (14). For PCR analysis of new genotypes, chromosomal DNA 
was prepared. 

Construction of Plasmids— All plasmids used in this study are sum- 
marized in Table I. Construction of the integration plasmid 
pUC 18-nrdD::acps-spc for E. coli was as follows. The vector pET22b- 
acps (15) was linearized with HmdHI and ligated with the spectinomy- 
cin resistance cassette (spc 1 ) excised from pDGl726 (16) with HindUl. 
The obtained plasmid pET22b-acps-spc was cut with BglU and SphI, 
and the excised fragment was cloned into BomHI- and SpAI-treated 
PTZ18R. The resulting plasmid pTZl8R-acps-spc served as a template 
in a PCR with oligonucleotides 5 -AT AGTTAAC GCGCGTTGGCCGAT- 
TC-3' and 5'- ATAGTTA^GCCTCTTCGCTATTACGC-3 ' to amplify a 
fragment that contained ocps under control of the tec promoter of 
pTZ18R and spc + . This fragment was cloned blunt-ended into pUC18- 
nrdD, which was treated with EcoKV, to give pUCl8-nrdD::acps-spc. 
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Table I 
Plasmids used in this study 



Plasmid name 
pTZ18R, P TZ19R 



Relevant characteristics 



Origin or reference 



pTre99a 

pDR67 
pUC18-nrdD 



pUC 18-nrdD : : acps-spc 

pTrc99a-5'-acps::kan-3' 

pTZ 18-6 '- AydcB : : epc-3 ' 

pDR67-ydcfi 

pTZ18-ydcB 

pQE60-acpK 

pQE60-acpA 

pQE60-dltC 

pUC8-sfp 

prai9-gsp 



ColEl ori; Wa + ; E. coli cloning vectors 

ColEl ori; bla + \ E. coli cloning and expression vector 
ColEl ori; bla+, amyE"cat + ; B. subtilis integration vector 

pMBl ori; bla + ; 2994-bp PCR fragment containing nrdD and an upstream fragment 

nrdD: :acps-spc + ; integration of acps in the nrdD locus of E. coli 

acps::kan + ; disruption plasmid for acps E. coli 

&ydcB spc + ; deletion plasmid for ydcB B. subtilis 

amyE : :ydcB-cat 9 integration plasmid for ydcB B. subtilis 

Expression plasmid for AcpS B. subtilis 

Expression plasmid for AcpK-His 6 

Expression plasmid for ACP-Hisg (B. subtilis) 

Expression plasmid for DCP-His 6 (B. subtilis) 

Expression plasmid for Sfp 

Expression plasmid for Gsp 



Accession numbers 
L08956 and 
L08957 

Accession number 
U13872 

Ref. 38 

Unpublished, gift 
from Philippe 
Marliere 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

Ref. 33 

This work 



Construction of the Disruption Plasmid pTZl8R-5'-acps::kan-3' for 
E > oo/i— Using oligonucleotides E3 ( 5 '-ATATCTAGACC ATGACGTATCG- 
TTATC-3') and E4 (5'-ATACCATGGTTCTACTC7rXK^ a 
2080-kb fragment was amplified from chromosomal DNA ofE. coli K-12 
that comprised 990 bp upstream and 692 bp downstream of acps. This 
fragment was cloned into pTrc99a using the Ncol and Xbal sites intro- 
duced with the oligonucleotides. The resulting plasmid pTrc99a-5'-acps-3' 
was then linearized at the single Sacl site, which is localized at position 
251 of the 381-bp acps gene. The kanamycin resistance cassette (kan~) 
was excised from vector pDG782 (16) with EcoW and BglU and cloned 
into pTZl8R to give pTZl8R-kan. The kan cassette was then amplified 
by PCR with oligonucleotides 5'- ATAGAGCTCGACTCACTATAGG- 
GAATTC-3' and 5- ' -ATAGAGCTCTAAAACGACGGCCAGTG-3 ' from 
pTZl8R-kan, cut with Sacl and ligated with the linearized fragment of 
pTZl8R-5'-acps-3' to give pTrc99a-6'-acps::kan-3\ 

Construction of pTZl8R>ydcB—ydcB was amplified by PGR from 
chromosomal DNA of B. subtilis JH642 using oligonucleotides 5'-ATA- 
TAAGCTrCATTTAAATAGTACGTACGC-3 ' and 5'- TAT AAGATCT C- 
ACTATC AAATATATGAGTGG-3 ' and cloned bluntended into P TZ18R 
that was linearized with Hindi. The right orientation of ydcB under 
control of the lac promoter of pTZ18R-ydcB was verified by restriction 
analysis and sequencing. 

Construction of pDB67-ydcB—The acps gene of B. subtilis was cut 
out of pTZ18R-ydcB with HindUI and BglU and cloned between the 
HindUl and BglU sites of pDR67 to give pDR67-ydcB. pDR67 lacks an 
origin of replication for B. subtilis but can integrate into the amyE locus 
of the genome via the amyE front and amyE back fragments upstream 
and downstream of the multiple cloning site of the plasmid. The cat ' 
cassette conferring chloramphenicol resistance, which is also located 
between the two amyE fragments, serves to select for the integration. 
Inserts cloned into the multiple cloning site are under the control of the 
weak and isopropyl-^D-thiogalactopyranoside-inducible spac promoter, 
which is leaky in rich media according to our experience. 

Construction of the Disruption Plasmid for ydcB of B. subtilis 
pTZ28R-5'-&ydcB::spc-3'— To clone flanking regions of ydcB, a frag- 
ment from 992 bp upstream to 994 bp downstream of ydcB was ampli- 
fied from chromosomal DNA ofB. subtilis MR168 by PCR with oligonu- 
cleotides 5 -ATAGGATCCAGCCITCAITrTAAAGTGG-3 ' (primer 1 in 
Fig. 6) and 5 '-AATTCTGCAGC AATCTGGGCTTITTCCTG-3 ' (primer 2 
m Pig. 6) and cloned into the BamHI and Pstl sites of pTZ18R The 
resulting plasmid pTZl8-S'-ydcB-3' then served as a template for an 
inverse PCR with oligonucleotides 5'-ATAGATATCATGTATGATAAC- 
CTCC-3' and 5 -ATAGATATCCTAGTCTC^ATATTA(XXJ>3 ' (introduc- 
ing EcoRV restriction sites) to replace the entire ydcB with the spc + 
cassette of pDG1726 (16), which was excised with EcoRV and Hindi, to 
give pTZ18R-5'-AydcB::spc-3\ 

Construction of pTZl9-gsp— The HindUI-Pstl fragment containing 
the^sp gene was excised from pGsp+ (17) and ligated into pTZ19R to 
give pTZ19-gsp. 

Construction of pQE60-ACP—The acpA gene encoding ACP was 
PCR-amplified with o ligonuc leotides 5 ' -AATTCCATGGC AGAC AC AT- 
TAGAGCGT-3' and 5 '-TTTTGGATCCITGCTGGTrTTGTATGTAG 
CAC-3' from chromosomal DNA of B. subtilis MR168 and ligated into 



the Ncol and BamHI sites of pQE60 to give the expression plasmid 
pQE60-acpA The encoded recombinant protein carries the C-terminal 
tag GSRSHHHHHH. 

Construction of pQE60-acpK— The acpKgene was amplified by PCR 
with oligonucleotides 5 '-TATCCATGGATAAACAGAGAATCTTTG-3 ' 
and 5'-TATAGATCTGGCAGAlTCCACTTTGTC-3' from chromosomal 
DNA of B. subtilis MR168. The amplified fragment was digested with 
Ncol and BglU and ligated into the Ncol and BamHI sites of pQE60 to 
create the expression plasmid pQE60-acpK encoding the recombinant 
AcpK with a C-terminal tag GSGSHHHHHH. 

Construction of pQE60-dltC—The dltC gene encoding the D-alanyl 
carrier protein (DCP) was amplified by PCR with oligonucleotides 5'- 
ATACCATGGATTTTAAACAAGAGG-3 ' and 5 ' - ATAAGATCTTTTCAA- 
CTC AGACAGCT-3 ' from chromosomal DNA of B. subtilis MR168 and 
ligated into the Ncol and BglU sites of pQE60. The resulting plasmid 
p0E6OdltC encodes the recombinant DCP with a C-terminal tas 
RSHHHHHH. 

Overproduction and Purification of Recombinant Proteins— E. coli 
Ml5/pREP4 was transformed with pTZl8-ydcB to give strain RP3. 5 ml 
of an overnight culture of RF3 in LB were used to inoculate 500 ml of 
the same medium. Cells were grown at 37 °C and 300 rpm until an 
of 0.7 was reached. The culture was then induced with 0.25 mM isopro- 
pyI-0-D-tHogalactopyranoside and grown at 37 °C and 300 rpm for 3 K 
Cells were harvested by centrifugation at 4,500 X g at 4 °C, resus- 
pended in 50 mM Tris/Ha (pH 7.8), and disrupted by three passages 
through a cooled French pressure cell. The resulting cell extract was 
oentrifuged at 36,000 x g at 4 °C for 30 min. Ammonium sulfate was 
added to the supernatant to a final concentration of 25% saturation. 
The resulting protein suspension was stirred at 4 °C for 1 h and cen- 
trifuged at 36,000 x g and 4 °C for 45 min. Subsequently, the pellet was 
discarded, and ammonium sulfate was added to the supernatant to a 
final^concentration of 40% saturation. The suspension was stirred again 
at 4 °C for 1 h and centrifuged as described above. The resulting pellet 
was resuspended in 50 mM Tris/HCl, 1 m (NH 4 ) 2 S0 4 (HIC buffer A, pH 
7.8) and centrifuged as described above, and the supernatant was 
applied to a High-Load™ 26/10 phenyl-Sepharose column (Amersham 
Pharmacia Biotech) that had been equilibrated with HIC buffer A. The 
column was washed with buffer A at a flow rate of 1 ml/min, and the 
protein was eluted with a linear gradient of 1.0 to 0 M (NHJ^O^ in HIC 
buffer A; 4-ml fractions were collected. The presence of AcpS in the 
fractions was detected by SDS-polyacrylamide gel electrophoresis anal- 
ysis (15% Laemmli gels). Fractions containing AcpS were pooled and 
concentrated by 40% (NH 4 ) 2 S0 4 precipitation as described above. The 
resulting pellet was resuspended in 50 mM NaH s P0 4 /NaHP0 4 (pH 7.0), 
centrifuged as described above, and applied to a Superdex™ G75 26/60 
gel filtration column (Amersham Pharmacia Biotech) that had been 
equilibrated with 50 mM NaH 2 P0 4 /NaHP0 4 (pH 7.0); 4-ml fractions 
were collected. Fractions containing AcpS were collected, pooled, and 
applied to a 6-ml Resource™ 15 S column (Amersham Pharmacia 
Biotech) that had been equilibrated with 50 mM NaH 2 P0 4 /NaHP0 4 
(CAT buffer A, pH 7.0). The column was washed with CAT buffer A, and 
the protein was eluted with a linear gradient of 0-0.5 M NaCl in CAT 
buffer A while collecting 2-ml fractions. The AcpS-containing fractions 
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were collected and applied to a Superdex™ G75 26/60 gel filtration 
column that had been equilibrated with 50 mM Tris/HCl t 2 mM dithio- 
threitol (assay buffer, pH 8.8), Fractions containing AcpS were col- 
lected, analyzed by matrix-assisted laser desorption/ionization time-of- 
flight mass spectrometry, adjusted with glycerol to a final concentration 
of 10% <v/v), and stored in small aliquots at -80 °C. 

E. coli Ml5/pREP4 was transformed with pQE60-acpA, pQE60-acpK, 
and pQE60-dltC to give strains RF1, HM403, and RF4, respectively, for 
the production of the His 8 fusion proteins ACP, AcpK, and DCP. Cells 
were grown, induced, harvested, and disrupted, and the crude cell 
extract was centrifuged as described above for RF3. Protein purification 
using Ni 3 affinity chromatography was carried out as previously de- 
scribed (18). Purified proteins were dialyzed against assay buffer, 
brought to 10% glycerol (v/v), and stored at -80 °C. TycC3-PCP, here^ 
after referred to as PCP, and Sfp-His 6 were produced and purified as 
previously described (8, 19). Protein concentrations were determined 
based on the calculated extinction coefficient at 280 nm: AcpS, 6,520 
M- 1 cm" 1 ; ACP-His 6 , 1,280 M" 1 cm" 1 ; DCP-His 6 , 5,810 M 1 cm" 1 ; AcpK- 
His 6 , 1,400 M _1 cm~\ 

Biochemical Assays with B. subtilis AcpS and Sfp— AcpS and Sfp 
activity was assayed by using a radioactive assay method essentially as 
described previously (15). This method measures the incorporation of 
the *H-labeled 4 '-phosphopantetheine group from PHJCoA into apo- 
ACP or other acyl carrier proteins. Reaction mixtures containing 50 mM 
TVis/HCl, pH 8.8, 12.5 mM MgCL,, 2 mM dithiothreitol, a 6-100 /iM 
concentration of the respective acyl carrier protein, 2-20 put CoA, 
119-475 nM PHICoA (specific activity: 40 CiAnmol, 0.95 mCi/ml), 2.2 
MM to 5.6 nM AcpS of B. subtilis, or 0.8 /am Sfp were incubated at 37 °C 
for 5-30 min. Reactions were stopped by the addition of 0.8 ml of 
ice-cold trichloroacetic acid (10%) and 15 jtl of bovine serum albumin 
(25 mg/ml). Precipitated protein was collected by centrifugation at 
13,000 rpm and 4 °C for 15 min. The pellet was washed twice with 0.8 
ml of ice-cold trichloroacetic acid and resuspended in 200 pi of formic 
acid. The resulting suspension was mixed with 3.5 ml of Rotiszint Eco 
Plus scintillation fluid (Roth) and counted using a 1900CA Tri-Carb 
liquid scintillation analyzer (Packard). 

For kinetic studies, reaction mixtures contained, unless otherwise 
indicated, 50 mM Tris/HCl, pH 8.8 (75 mM MES, pH 6.0, in the case of 
Sfp), 12.5 mM MgCLj, 2 mM dithioUireitoI, 2-200 /am apo-ACP of B. 
subtilis (apo/holo mixture) or 2-60 yM AcpK, 2-1000 i*M CoA, and 5.6 
nM AcpS of B. subtilis or 10 nM S§> and were incubated at 37 °C for 
10-30 min. The reaction was stopped, and the protein was precipitated 
by the addition of trichloroacetic acid (final concentration 10%). The 
amount of holo-ACP and AcpK formed was determined by an HPLC 
method. This method was adapted from a method described previously 
(15). Reaction mixtures (800 /d each) were, after the addition of trichlo- 
roacetic acid, centrifuged for 30 min at 13,000 rpm and 4 °C. The 
supernatant was discarded, and the protein pellet resuspended in 120 
id of 50 mM Tris/HCl, pH 8.8. A 100-jil sample of this solution was 
injected onto an analytical Nucleosil 250 C 18 -column (reversed phase; 
Macherey & Nagel) that had been equilibrated with 0. 1% trifluoroacetic 
acid. Absorbance at 220 nm was monitored. The column was eluted with 
a 1.2-ml linear gradient to 60% solvent B (methanol in 0.1% trifluoro- 
acetic add) followed by a 7.2-ml linear gradient to 100% solvent B at 0.3 
ml/min. Under these conditions, holo-ACP migrated faster than apo- 
ACP (24.3 and 25.2 min, respectively). The amount of holo-ACP formed 
was determined by comparing the peak area of the holo-ACP formed 
with those of both apo- and holo-ACP and subtracting the amount of 
holo-ACP that was already present after the heterologous expression of 
the protein in E. coli (see "Results"). Apo-AcpK and holo-AcpK were 
separated in a similar manner using the same column and a 15-ml 
linear gradient to 80% solvent C (isopropyl alcohol in 0.1% trifluoroace- 
tic acid) followed by a 0.6-ml linear gradient to 95% solvent C at 0.3 
ml/min. Holo-AcpK and apo- AcpK eluted at retention times of 53.9 and 
54.8 min. 

To determine K m and values of AcpS and Sfp for apo-ACP and 
apo-AcpK, reaction mixtures (in triplicate) contained 1 mM CoA, 2-200 
tm apo-ACP, or 2-60 pM apo-AcpK and either 5.6 nM AcpS or 10 nM Sfp. 
For the determination of the K m value of AcpS for CoA, the reaction 
conditions were the same as described above except that the concentra- 
tion of apo-ACP was kept at 200 /im, and concentrations of CoA were 
2-500 ^M. The formation of holo carrier protein was measured by the 
HPLC method in all cases. Carrier proteins were dialyzed before the 
assay against the respective assay buffer (50 mM Tris/HCl, pH 8 8 in 
the case of AcpS and 75 mM MES, pH 6.0, in the case of Sfp) 



RESULTS 

Construction of an E. coli acps Disruption Mutant as a Ge- 
netic Tool— Since acps is an essential gene in E. coli (20), a 
disruption mutant can only be generated when a complement- 
ing gene is present in trans. We therefore derided to first 
integrate a second copy of acps in another locus of the E. coli 
chromosome and then disrupt the gene at its natural locus (at 
58 min; see Fig. 2A) with a kan+ cassette. The acps::kan + 
genotype was then transduced using PI phage into other E. coli 
strains carrying in trans a PPTase gene to be tested for acps 
complementation activity. For manipulations of the chromo- 
some of E. coli, we used a polA mutant strain, HSK 42, that is 
unable to replicate ColEl-based plasmids and thus allows se- 
lection of integration into the chromosome. Double crossover 
integrations were identified by marker loss and PCR analysis 
with flanking primers, acps is the second gene in a biristronic 
operon with pdxJ (the former name of acps was dpj, for down- 
stream of pdxJ) and is followed by a termination loop (15, 20). 
A disruption of acps was therefore not expected to exert polar 
effects on neighboring genes. The nrdD locus at 96 min (see Fig. 
2A) was chosen for the integration of a second copy of the acps 
gene into the E. coli chromosome. nrdD encodes the anaerobic 
deoxyribonucleotide reductase, which is not essential under the 
conditions used here (21). Transformation of HSK42 with the 
disruption plasmid pTrc99a-5'-acps::kan-3' and selection on LB 
plates with kanamycin yielded Km r transformants, which were 
exclusively found after restreaking to be also Ap r and thus had 
integrated the plasmid only by a single crossover event, leaving 
the original acps gene intact. This finding confirmed the essential 
nature of the acps gene and the necessity to first introduce a 
second copy of the gene. To this end, HSK42 was first trans- 
formed with the integration plasmid pUC18-nrdD::acps-spc, and 
transformants were selected on LB plates with spedinomycin. 
About 10% of these were candidates for double crossover integra- 
tion, since they were Ap 8 . This genotype was confirmed by PCR 
using oligonucleotides El and E2. Only the fragment 
nrdD::acps-spc+ and not the wild-type fragment nrdD was ob- 
tained. Hie latter was obtained in the control using chromosomal 
DNA of HSK42. One transformant, HM0139 (see Table H for a 
list of strains), was chosen for further work and transformed with 
plasmid pTrc99a-5'-acps::kan-3' to disrupt the acps gene. Trans- 
formants selected on LB plates containing kanamycin were sub- 
sequently tested for Ap 8 . Now candidates for double crossover 
integration were obtained and could be confirmed by PCR using 
oligonucleotides E3 and E4. One of the thus identified strains, 
HM0145 (relevant genotype acp$::kan~ y nrdD:;acpS'spc + ; see Ta- 
ble II), was chosen for further work. A PI phage lysate was 
prepared from HM0145, which served for transduction of the 
acps::kan+ genotype into E. coli strains carrying PPTase genes in 
trans. 

Identification oftheydcB Gene Encoding AcpS ofB. subtilis 
and Its Genetic Characterization—At the beginning of this 
work, the gene encoding the ACP synthase (AcpS) of B. subtilis 
was not identified or characterized. By homology searches, we 
identified ydcB, which was revealed by the B. subtilis genome 
sequencing project (22) as the putative gene coding for AcpS 
(33% identity to E. coli AcpS). ydcB is located at 44° of the 
Bacillus genome (see Fig. 2B), 366 bp in length, and encodes a 
protein of 121 aa (13.7 kDa). 

We assumed that AcpS of B. subtilis should complement the 
corresponding activity in E. coli and therefore attempted to 
disrupt acps ofE. coli expressing ydcB in trans. For this pur- 
pose, E. coli K-12 strain MG1655 was transformed with 
pTZ18R-ydcB to give strain HM0172. To test for complemen- 
tation activity, the acps::kan + genotype was then transduced 
with the PI lysate of HM0145, and transductants were selected 
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Table n 






Strains used in this study 




Strain name 


Relevant genotype or properties 


urigin and reference 


E. coli 






MG1655 


E. coli K-12 wild type strain 


E. coli genetic stock center 


HT253 




Ref. 20 


HSK42 


MC4100, po/A 


Ref. 39 


M15 


pREP4 (han + ), expression strain 


Qiagen 


HM0139 


HSK42, nrdD"acps-spc 


This work 


HM0145 


HM139, acps r kan 


This work 


HM0169 


MG1655, pTZ18R 


This work 


HM0170 


MG1655, pUC8-sfp 


This work 


HM0171 


MG1655, pTZ19-gsp 


This work 


HM0172 


MG1655, pTZl8-ydcB 


This work 


HM0403 


M15, pQE60-acpK 


This work 


RF1 


M15, pQE60-aq>A 


This work 


RF3 


M15, pTZ18-ydcB 


This work 


RF4 


M15, pQE60-dltC 


This work 


B. subtilis 




MR168 


Wild type strain, sfpO 


Ref. 22 


JH642 


trpC2,pheAl, sfjpO 


Ref. 40 


Mol099 


JH642, amy E\ mis 


Ref. 40 


ATCC21332 


Surfactin producer, Sp T 


Ref. 41 


OKB105 


JH642 transformed with chromosomal DNA 


Ref. 11 




of ATCC21332, sfp', trp + ,pkeAl f 










HM0451 


Mol099, amyE .ydcB-cat 


This work 


HM0489 


OKB105, bydcB spc 


This work 


HM0492 


HM0451, bydcB . spc 


This work 


HM0491 


OKB105, \ydcB\ spc single crossover, ydcB 1 


This work 



on LB plates containing ampicillin and kanamycin. Indeed, 
Km r colonies could be obtained overnight using HM0172 as 
recipient strain, whereas no Km r -colonies appeared in the con- 
trol (strain HM0169, MG1655 with plasmid pTZ18R) under 
these conditions. The Km r colonies were Sp s , indicating that 
the nrdD: .acps-spc + genotype was not co- transduced. Both gen- 
otypes were confirmed by PGR (not shown). 

Sfp and Other Members of the Sfp Family Can Also Comple- 
ment AcpS of E. coli in Vivo — We also tested the ability of 
PPTases of the Sfp type to modify noncognate ACP substrates 
under heterologous in vivo conditions. To this end, plasmids 
pUC8-sfp and pTZ19-gsp were transformed into E. coli K-12 to 
give the strains HM0170 and HM0171, respectively. As de- 
scribed above, the PI lysate of HM0145 was then used to 
transduce the acpsrkan ~ genotype. In both cases, using 
HM0170 and HM0171, Km r transductants (which were Sp s ) 
were obtained overnight, whereas no Km r colonies could be 
observed with the control strain HM0169. Further analysis of 
the transductants by PCR confirmed their acps::kan* geno- 
type. Thus, the PPTases Sfp and Gsp of secondary metabolism 
from B. subtilis and Bacillus brevis can also complement AcpS 
of E. coifs primary metabolism. 

Interestingly, Km r and Sp s colonies also appeared in the 
experiments using control strain HM0169 after a prolonged 
time period (after 2-3 days at 37 °C). These colonies were 
confirmed by PCR to be true transductants, since they were 
acps::kan + . Obviously, the same suppressor mutations that 
complement the lethal acps disruption were selected as previ- 
ously described by Lam et al. for a conditional mutant of the 
acps gene (formerly dpj) under nonpermissive conditions (20, 
23). In agreement with the results by these authors, most of the 
transductants displayed a very mucous morphology on LB 
plates. Suppressor mutations can occur in the ion gene and at 
another location in the chromosome (20, 23), presumably in the 
gene yhhU encoding a PPTase of unknown function (3). 

Overproduction and Purification of B. subtilis AcpS, ACP, 
AcpK, and Z>CP— Pure B. subtilis AcpS was obtained by heter- 
ologous overexpression of the ydcB gene in E. coli and subse- 
quent four-column purification as described under *T&perimen- 
tal Procedures." ACP, DCP, and AcpK (see below) of B. subtilis 



were produced as C-terminal His 6 tag fusion proteins and 
purified by affinity chromatography. SDS-polyacrylamide gel 
electrophoresis analysis (not shown) showed that two bands 
were obtained in the case of ACP and DCP, pointing to partial 
apo to holo conversion by E. coli AcpS during heterologous 
expression. In contrast to a report on the isolation and cloning 
of the acpA gene in E. coli (24), neither the production of ACP 
nor of the other proteins seemed to significantly inhibit growth 
of E. coli cells. 

Biochemical Characterization of B, subtilis AcpS— To deter- 
mine the catalytic activity of B. subtilis AcpS, an HPLC assay 
was applied. The recombinant substrate ACP of B. subtilis was 
determined by the HPLC method to be present in a ratio of 84% 
apo to 16% holo form after heterologous production in E. colL 
Kinetic constants were determined through a Michaelis-Men- 
ten fit of the data sets (see Fig. 3 arid Table III). Interestingly, 
first saturation occurred between 2 and 8 jim apo-ACP (Fig. 
3A), but velocity values began to increase when the apo-ACP 
concentration was raised to 20 pM apo-ACP. Therefore, two 
different K m and values could be determined. The first K m 
for apo-ACP concentrations between 2 and 8 pM was 0.2 ± 0.3 
pM 7 with the k^ t being 22 ± 2 min" 1 (Fig. 3A), and the second 
K m was determined as 68 ± 11 jim with a k^ t of 125 ± 9 min" 1 
for apo-ACP concentrations between 20 and 200 /am (Fig. 35). 
The K m of AcpS for CoA was determined in essentially the same 
fashion, except that the apo-ACP concentration was kept con- 
stant at 200 /am, while the CoA concentration was varied be- 
tween 5 and 500 jam. The Michaelis-Menten fit of the experi- 
mental data set yielded a K m of 5.4 ± 1.5 pM and a k^ t of 109 ± 
5 min~ l (Fig. 3C). 

Protein Partners of AcpS and Sfp: ACP, PCP, and DCP— 
Since Sfp was reported to be of broad specificity, we assumed 
that it would also modify the ACP of B. subtilis. However, this 
experiment was intriguing, because a higher degree of special- 
ization would be conceivable for the homologous substrates of 
the same organism. All cases of broad specificity of Sfp were 
demonstrated for heterologous acyl carrier proteins. Neverthe- 
less, as shown in Fig. 4, Sfp also efficiently recognizes and 
modifies ACP of B. subtilis. The dispensable PPTase Sfp of the 
secondary metabolism can thus convert the ACP of primary 
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Fig. 3. Determination of kinetic constants of fl. sttfttttfe Acps for its substrates apo-ACP and CoA and of Sfb for apo-ACP and 
apo-AcpK. ^ctaon mixtures were incubated for 10 min in tiie case ofAcpS (5.6 nM) and 30 min in the case of Sfp (10 nM). For the fit of the kinetic 
data, a njyerbolic Michaebs-Menten function was used. The kinetic constants toward the carrier proteins are summarized in Table m A plot of 
velocityof AcpS against apo-ACP concentration between 2 and 8 jtM; the CoA concentration was held constant at 1 mM. B, when the apo-ACP 
concentration was further increased beyond 20 mm, a second K m value of AcpS for apo-ACP could be determined. C, the K m value of AcpS for CoA 
was determined by varying the CoA concentration between 5 and 500 mm with the apo-ACP concentration being constant at 200 km. Shown are 
kinetic data for Sfp with apo-ACP concentrations between 2 and 15 (D) and between 20 and 150 mm (E) apo-ACP. F, K values for Sfb with 
apo-AcpK were measured between 2 and 60 jam apo-AcpK m F 

Table EQ 



Substrate 








Ac* 






AcpS 


Sfp 


AcpS 


Sfp 


AcpS 


Sfp 


Apo-ACP (2-8 pM) 
Apo-ACP (20-200 mm) 
Apo-AcpK 


0.2 ± 0.3 
68 ± 11 


flM 

1.4 ± 0.3 
38 ±8 
7.9 ± 2.1 


22 + 2 
125 ±9 
ND 


min" 2 

1.7 ± 0.1 
12.5 ± 1.0 
3.2 ± 0.2 


min~ J fjai~ J 

129 

1.8 
ND 


1.2 
0.3 
0.4 


° ND, not determined. 



metabolism into its active holo form in vitro. Determination of 
kinetic constants revealed saturation at low and high apo-ACP 
concentration as observed for AcpS. In the ACP range of 2-8 
MM, a K m of 1.4 ± 0.3 mm and a of 1.7 ± 0.1 min" 1 were 
determined. For ACP concentrations from 20 to 150 mm, the K m 
was found to be 38 ± 8 mm with a k^ t of 12.5 ± 1.0 min" 1 (see 
Pig. 3, D and E, and Table III). The values for low ACP con- 
centrations are in good agreement with those determined for 
the interaction of Sfp with E. coli ACP (K^ of 6 mm and of 
5.8 min -1 ) (5). 

We next tested the D-alanyl carrier protein DCP and a PCP 
for their ability to serve as substrates for AcpS and/or Sfp. 
Therefore, the dltC gene encoding DCP was cloned and ex- 
pressed as a His 6 tag fusion. As a representative of PCPs, we 
chose the excised TycC3-PCP domain of the multimodular ty- 
rocidine NRPS (19). As shown in Pig. 4, Sfp recognized both 
acyl carrier proteins as substrate, whereas AcpS could only 
modify DCP. 

Identification of a Second ACP in B. subtilis, AcpK, Which Is 
Only Modified by Sfp— The B. subtilis genome project has 
confirmed the presence of the previously described gene acpA 
coding for ACP of fatty acid synthesis (22). We have reexam- 
ined the regions of the genome that harbor the clusters for 
secondary metabolite production in a search for possible mis- 
annotations of the genome project data. The pksX cluster con- 
tains several genes that encode enzymes homologous to fatty 
acid or polyketide synthases of type II (pksB-I), to polyketide 
synthases of type I ipksKLMPR), and to nonribosomal peptide 




Fig. 4. Protein partners of AcpS and Sfp. The different acyl 
carrier proteins (6 mm) of primary and secondary metabolism of B. 
subtilis were incubated with PHI CoA and AcpS (0.22 fiM) or Sfp (0.8 
MM). Shown is the modification in percent of the respective acyl carrier 
protein by AcpS (white column) and Sfp {black column) in a qualitative 
analysis after 30 min of reaction time. Sfp recognizes all acyl carrier 
proteins tested, whereas AcpS only modifies ACP and DCP of primary 
metabolism and not AcpK and PCP of secondary metabolism. 

synthetases (pksJKNR) (25) (and GenBank™ accession num- 
ber Z99113). A relatively large gap between pksE and pksF led 
us to reexamine this region in detail (see Pig. 5A). Surprisingly, 
we detected an open reading frame, thereafter designated 
acpK, that has a 20-bp overlap with the 5'-end of pksF. The 
putative gene product AcpK (82 aa, 9.251 kDa, pi 4.2) showed 
si gn i fican t similarities to ACPs, in particular around the con- 
served serine residue, which serves as the Ppant attachment 
site (see Pig. 55). The highest similarity was found to two 
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c \ ?£eiitification of a second acyl carrier protein in 3. subtilis, designated AcpK. A, localization of the acpK gene in thepJ^cluster 
of A subtilis Putative promoters and termination loops are indicated as suggested by Ref. 22. B, alignment of AcpK with the acyl carrier proteins 
TaB and TaE involved in synthesis of the antibiotic TA and with the acyl carrier proteins involved in fatty acid synthesis of E. coli and B subtilis 
The asterisks mark the residues that provide contacts between AcpS and ACP of B. subtilis (9). 



ACPs, TaB and TaE, that are obviously involved in synthesis of 
the antibiotic TA in Myxococcus xanthus (53 and 33% identity) 
(26). The similarity to B. subtilis and E. coli ACPs was only 18 
and 22%, respectively. Pig. 5B shows an alignment of AcpK 
with these acyl carrier proteins. We were interested to know 
whether AcpK is a substrate for AcpS or Sfp or even for both. As 
shown in Fig. 4, only Sfp, but not AcpS, was capable of con- 
verting AcpK into its holo form. Determination of kinetic con- 
stants revealed a normal Michaelis-Menten behavior with a K m 
of 7.9 ± 2.1 um and a of 3.2 ± 0.2 min" 1 (see Fig. 3F and 
Table III). 

Deletion Mutant ofB. subtilis acps— The gene ydcB (363 bp) 
is predicted to be organized in an operon with the downstream 
gene ydcC (1,119 bp) encoding a putative protein (42.2 kDa) of 
unknown function. It is not known whether ydcC is essential or 
not. We decided to attempt deletion of ydcB regardless of pos- 
sible polar effects on ydcC. For the deletion, we followed a 
similar strategy as for E. coli acps. First, a second copy of ydcB 
was introduced into the amyE locus of the B. subtilis chromo- 
some (see Fig. 2B) by transforming B. subtilis Mol099 with 
pDR67-ydcB and selecting for Cm r transformants. These Were 
subsequently checked for MLS 8 by restreaking. One of the Cm r 
and MLS 8 colonies, HM0451, was chosen for further work. 
HM0451 was then transformed with a PCR product containing 
5' and 3' regions of the original ydcB gene flanking a spc + 
cassette that substituted the deleted ydcB (obtained by PCR 
amplification using pTZ18-5'-AydcB::spc-3' as template; see 
Fig. SB). By using the PCR product, only a double crossover 
recombination, and thus a deletion of ydcB, can lead to Sp r 
transformants. B. subtilis MR168, JH642, and Mol099, which 
are all sfp 0 , were transformed with this PCR product for com- 
parison. As expected, Sp r transformants were only obtained 
using HM0451, and one of these was named HM0492 (see Fig. 
6 for confirmation of genotype by PCR), but not for MR168, 
JH642, and Mo 1099. In control experiments using the circular 
plasmid pTZ18-5'-AydcB::spc-3' for the transformation, high 
numbers of Sp r transformants were observed for all strains. 
However, PCR analysis of several of these transformants con- 
firmed that they all resulted only from a single crossover event, 
leaving the ydcB gene intact (see Fig. 6). Importantly, the 
successful deletion ofydcB in strain HM0492 showed that an 
eventual polar effect on the downstream gene ydcC is not 
lethal. 

Since Sfp was shown in this study to in vitro modify ACP of 
B. subtilis, we speculated that ydcB might not be essential in 
sfp* strains. B. subtilis OKB105 (11) was chosen as a test 
strain expressing the intact sfp gene at physiological levels 
(another prominent sfp* strain, the surfactin producer 
ATCC21332, was found to be already Sp r ). OKB105 was trans- 
formed with the PCR product as described above. Indeed, Sp r 
transformants could be obtained. Several of these strains were 
chosen for PCR analysis, which confirmed their ydcB::spc + 
genotype- (see Fig. 6). One of these strains was designated 



5-regton ^tydcB 



3'-reo,ion 



i chromosome 



S'-region 



transform with PCR fragment 

7 5~s\ydcB :spc-y 

_ydcB ^ 3'-region 



\ chromosome 




yj S'-region 



JL select for Sp-resistant colonies 




chromosome 



D 



1 2 3 4 S 6 



4.5 

\ydcB::spc 



Oct . 



ydcB (3&4) 



1 2 3 4 5 6 ftfl 



(kb 



AyrfcS.spc 
<U2) 



-0.6 

O-ytfcfi (1&2) 



Fig. 6. Deletion of the ydcB gene encoding AcpS in B. subtilis. 
A, chromosomal organization around the ydcB gene in wild-type B. 
subtilis OKB 105. A spectinomycin resistance cassette (spc*) was cloned 
between the 5'- and 3 '-flanking regions of the ydcB gene (plasmid 
pTZ18-5'-AydcB::spc-3'). This plasmid served as a template to amplify 
the PCR fragment shown using oligonucleotides 3 and 4, which was 
then used for transformation. Double crossover recombination resulted 
in deletion of the ydcB gene from the chromosome (B). Selection of So* 
transformants yielded strain HM0489 (AydcB::spc + ) (O. D and E show 
the PCR analysis from chromosomal DNA of HM0489 and various 
controls: HM0489 {lane 1); HM0490 (a second ydcB deletion strain 
isolated) {lane 2); HM0491, resulting from transformation of OKB 105 
with circular plasmid pTZl8-5'-AydcB::spc-3\ which integrated with a 
single crossover recombination {lane 3); OKB 105 (lane 4)\ HM0492, 
carrying a second copy of ydcB in the amyE site (compare Fig. 2) (lane 
5); and plasmid pTZ18-5'-dydcB::spc-3' (lane 60. D shows the PCR 
analysis using oligonucleotides 3 and 4. The ydcB wild-type locus yields 
a 2.1-kb PCR amplificate, and the 6ydcB::spc~ locus gives a 2.9-kb 
fragment E shows the PCR analysis using oligonucleotides 1 and 2. The 
intact ydcB gene yields a 0.4-kb PCR fragment, and the AydcB::spc+ 
locus results in amplification of the 1.2-kb spectinomycin cassette. 



HM0489. HM0489 still produced surfactin in amounts similar 
to the parent strain OKB105, as judged by analysis of hemo- 
lytic activity on blood agar plates (data not shown). Further- 
more, the growth curve patterns of OKB 105 and HM0489 were 
indisti ng uishable in both rich and minimal (glucose) media 
(data not shown). These results prove thatydcB is dispensable 
in sfp + strains. The PPTase of secondary metabolism in B. 
subtilis can substitute for AcpS of primary metabolism under 
physiological conditions. 

DISCUSSION 

We have investigated the phosphopantetheinylation reaction 
in Ppant-dependent pathways of primary and secondary me- 
tabolism of B. subtilis. This organism employs many acyl car- 
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erations, it seems plausible to hypothesize that the Sfp family 
evolved from the AcpS family by a gene fusion event with 
subsequent diversification of the two halves. This evolution 
probably took place when the acyl carrier proteins were fused 
with the other enzymatic units to become integrated domains 
ofFASs, PKSs, or NRPSs. The new architecture of the result- 
ing large protein templates presumably was inaccessible to 
AcpS for steric or electrostatic reasons, as was suggested 
from structural data (9). Another explanation could be the 
need for a well defined regulation of the CoA pool (35), pos- 
sibly to selectively switch on and off primary and secondary 
metabolism. This argument could still be valid for E. coli, 
where Ppant transfer of primary and secondary metabolism 
are separated, but seems irrelevant for B. subtilis in the light 
of our results. If regulatory aspects are not crucial, then one 
could expect that PPTases of the AcpS type should gradually 
get lost from strains also harboring an Sfp type enzyme, as 
we have experimentally simulated with the acps deletion 
mutant of B. subtilis. In fact, such strains can be encountered 
in the pool of microorganisms whose complete genome se- 
quence has been determined. The entire genome of the Gram- 
negative Pseudomonas aeruginosa, for example, obviously 
contains only one PPTase encoding gene, whose gene product 
belongs to the Sfp type (242 aa, 12% identical to Sfp, acces- 
sion number AAG04554). The Pseudomonas genome is rich in 
ACPs and NRPSs. The cyanobacterium Synochocystis 
PCC6803 also seems to lack an enzyme of the AcpS type but 
contains one of the Sfp type (246 aa, 21% identical to Sfp, 
accession number 1001183). Strikingly, however, this orga- 
nism is obviously devoid of any secondary metabolism genes 
encoding PKSs or NRPSs, since we could only detect the 
homologue to ACP. The genome of Bacillus halodurans re- 
veals, similar to B. subtilis, one PPTase gene of each group, 
encoding an AcpS and a Sfp homologue (119 and 214 aa[ 
accession numbers BAB 04327 and BAB05571, 48 and 21% 
identical to AcpS and Sfp, respectively), but again, the fatty 
acid ACP seems to be the only acyl carrier protein present. 

We note that the wide distribution and the ability of PPTases 
of the Sfp type to complement the essential function of AcpS in 
vivo may pose significant problems in approaches to direct new 
inhibitors against AcpS, which was proposed as an attractive 
antimicrobial target (9, 10). Therefore, a potential inhibitor 
would need to be of broad enough specificity toward both types 
of PPTases. 

The role of AcpK in B. subtilis is unknown, but a function in 
polyketide assembly can be deduced from its location within 
the large pksX cluster (see Pig. 5). There are striking similar- 
ities between the pksX cluster, which is completely uncharac- 
terized except for its sequence, and the reported parts of the 
cluster responsible for the biosynthesis of the antibiotic TA in 
M xanthus (26, 36). Not only does AcpK display the highest 
similarities to the two ACPs, TaB and TaE, but also PksG is 
highly similar to TaC and TaF, all of which are predicted from 
sequence analysis to encode 3-hydroxy-3-methyl-glutaryl-CoA 
synthases. Furthermore, the enzyme PksK, a mixed NRPS/ 
PKS, has an identical domain organization (T-C-A-T-PKS) as 
the fragment that is known from the enzyme TA1 (-C-A-T-PKS; 
the N terminus has not yet been determined) (26). We found 
that the signature sequences of the A-domains of both NRPS 
enzymes are almost identical and are predicted to confer gly- 
cine specificity (37), which would fit well with the glycine 
residue found in the antibiotic TA. If this analogy extends 
further, one could speculate that the starter in the biosynthesis 
of the pksX product is the same as in antibiotic TA (26). At 
present, however, it cannot be ruled out that AcpK is the donor 
of the fatty acid for the biosynthesis of surfactin and fengycin 
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Another candidate for this role would be the fatty acid ACP 
itself, since the fatty acid moiety of these latter antibiotics is an 
intermediate in fatty acid biosynthesis. 

In conclusion^ the many acyl carrier proteins in B. subtilis 
are converted into their active holo form by only two PPTases, 
AcpS and Sfp. Obviously, in this Gram-positive bacterium, a 
strict separation of the different biosynthetic pathways on the 
level of Ppant transfer, as reported for E. coli, is not necessary. 
AcpS is not essential for cell survival, because Sfp of secondary 
metabolism can complement its function in primary metabolism. 
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Ability of Streptomyces spp. acyl carrier proteins and 
coenzyme A analogs to serve as substrates in vitro for 
£. coii holo-ACP synthase 

Amy M Gehring\ Ralph H Lambalot 1 , Kurt W Vogel 2 , Dale G Drueckhammer 2 
and Christopher T Walsh 1 



Introduction: The polyketide natural products are assembled by a series of 
decarboxylation/condensation reactions of simple carboxylic acids catalyzed by 
polyketide synthase (PKS) complexes. The growing chain is assembled on acyl 
carrier protein (ACP) r an essential component of the PKS. ACP requires 
posttransfational modification on a conserved serine residue by covalent 
attachment of a 4'-phosphopantetheine (P-pant) cofactor to yield active 
holo-ACP. When ACPs of Streptomyces type II aromatic PKS are overproduced 
in £ cofi, however, typically little or no active holo-ACP is produced, and Ihe 
ACP remains in the inactive apo-form. 

Results; We demonstrate that E. coli holo-ACP synthase (ACPS), a fatty acid 
biosynthesis enzyme, can catalyze P-pant transfer in vitro to the Streptomyces 
PKS ACPs required for the biosynthesis of the polyketide antibiotics granaticin, 
frenolicin, oxytetracycline and tetracenomycin. The catalytic efficiency of this 
P-pant transfer reaction correlates with the overall negative charge of the ACP 
substrate. Several coenzyme A analogs, modified in the P-pant portion of the 
molecule, are likewise able to serve as substrates in vitro for ACPS. 

Conclusions: £ cofi ACPS can serve as a useful reagent for the preparation of 
holo-forms of Streptomyces ACPs as well as holo-ACPs with altered 
phosphopantetheine moieties. Such modified ACPs should prove useful for 
studying the role of particular ACPs and the phosphopantetheine cofactor in the 
subsequent reactions of polyketide and fatty acid biosynthesis. 
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Introduction 

Polyketide antibiotics are synthesized either by enzymes 
of very high molecular weight with multiple catalytic 
domains in a single polypeptide chain, type I synthases 
(exemplified by 6-deoxyerythronolide B synthase), or by 
a multienzyme complex in which the required catalytic 
activities reside on discrete subunits, the type II synthases 
(exemplified in Streptomyces species aromatic polyketide 
biogenesis) [1,2J. In both cases, the growing carbon skele- 
ton is elongated as an acyl-S-enzyme species whe re the 
sjulfu r^is part of the ^-phosphopantetheine pr osthetic 
^rou^attached to an acyl carrier protein (ACP) module. In 
type I polyketide synthases (PKSs), the ACP module is an 
integral, constituent domain of a larger multidornain poly- 
peptide. In type II synthases, there is a separate ACP of 
8-J0kDa that associates with the other enzymatic sub- 
units of the synthase complex (Fig. 1). Thus, in Strepto- 
myces spp. producing multiple aromatic polyketides there 
will be a separate, dedicated ACP for each gene cluster 
expressed during antibiotic production (2J. These polyke- 
tide-specifk ACPs arc additional to the ACP involved in 
fatty acid biosynthesis in these bacteria [3,4]. It has been 



unknown to what extent utilization of a specific ACP is 
determined by protein-protein recognition in type II PKS 
complex assembly or by selective postradiational conver- 
sion of an inactive apo-ACP to the phosphopantetheinyl- 
containing holo-ACP, which is competent for acylation 
and chain elongation. 

There have been mixed reports on whether Streptomyces 
type II PKS apo-ACPs can be posttranslationally modified 
to produce holo-ACP during heterologous expression in 
Escherichia coli [5,6]. If such holo-ACP formation by the 
E. coh phosphopantecheinyl transferases is of very low 
stoichiometry, it will be a limiting factor in polyketide 
biosynthesis in E. coii We have recently reported the 
cloning, overproduction; purification and characterization 
of the E. coii enzyme holo-acyl carrier protein synthase 
(ACPS) that catalyzes apo to nolo posttranslational modifi- 
cation from cosubstrate coenzyme A (CoASH), using the 
fatty acid apo-ACP as substrate (Fig. 2) [7]. E. coli ACPS 
is thus a useful reagent with which to assess the ability to 
recognize and modify Streptomyces type II PKS ACPs. 
Here, wc report the ability and catalytic efficiency of 
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Figure 1 
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Schematic of the requirement of ACP 
phosphopantetheinylatkjn for pofyketide 
synthase activity. Conversion of apo-ACP 
(gray) to holo-ACP (blue) provides the 
sulfhydryt group through which the 
intermediates of pofyketide biosynthesis are 
covalently attached. Yellow circles represent 
the other protein subunits of the type II 
pofyketide synthase which include at least a 
(5-ketoacyl synthase {condensing enzyme) and 
a chain-length determining factor, and typically 
also include p-ketoreductases, 
acyttransferases, dehydrases and cyclases. 
These enzymes catalyze the iterative addition 
of malonyl units followed by decarboxylation 
and condensation reactions, reductions, and 
cy citations by which the growing pofyketide 
chain is assembled and modified. 



E. coli ACPS to posttranslationally modify the purified 
apo-ACPs involved in the biogenesis of granaticin by 
S. violaceoruber y of frenolicin by S. roseofuhus, of oxy tetracy- 
cline by S. rimosus, and of tetracenomycin by S. glaucescens 
(Fig. 3). We also observe that.CoASH analogs including 
desuifo-CoA and the dethio (carba) analog of aceryl-CoA 
can be loaded onto apo-ACP by the E. coli ACPS. 

Results 

Overproduction of apo-forms of Streptomyces spp. ACPs 

The PKS ACPs involved in the synthesis of the aromatic 
polyketide antibiotics granaticin (gra), frenolicin (fren), 
oxy tetracycline (otc), and tetracenomycin (tcm; see Fig. 3) 
were overproduced in E. coli The tcm ACP was over- 
produced with a carboxy-terminal hexahistidine (His^ 
tag; all the other ACPs were expressed in their native form. 
Overexpression of these Streptomyces ACPs in E. coli yielded 
predominantly apo-ACP that had not been modified by 
the covalent attachment of 4'-phosphopantetheine as previ- 
ously reported [5,6]. Mass spectral analysis of these ACPs 



following the purification step on Q-Sepharose showed no 
significant levels of holo-protein (data not shown). The 
Streptomyces. apo-ACPs were purified in several milligram 
quantities to near homogeneity in two steps using anion- 
exchange chromatography on Q-Sepharose followed by per- 
fusion chromatography on POROS 20HQ; the His 6 - tagged 
tcm ACP was also further purified on a nickel-chelate resin 
(Fig. 4). Protein sequencing of the 10 amino-teiminal 
residues of each ACP revealed that the amino-terminal 
methionine had been cleaved from gra, fren, and tcm ACP 
but not otc ACP. 

Streptomyces apo-ACPs are modified by £. coti holo-ACPS 
Although it has previously been shown that the gra, fren, 
otc and tcm ACPs are not phosphopantetheinylated well 
in vivo when overexpressed in £. coli [5,6], the ability of E. 
coli holo-ACPS to catalyze phosphopantetheinyt transfer 
to these ACPs in vitro has not been investigated. Since 
ACP phosphopantetheinylation is required for the forma- 
tion of an active polyketide synthase, E. coli ACPS may 



Figure 2 
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General reaction catalyzed by E cofi 
holo-ACPS. ACPS catalyzes transfer of 
phoaphopantetheine (blue) from CoASH to a 
coo served serine lesidue in the apo-ACP 
substrate to yield 3\5' ADP (red) and active 
holo-ACP in a magnesium-dependent 
reaction. 
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Figure 3 



Chemical structures of selected aroma lie 
polyketide antibiotics produced by 
Streptomyces spp. Frenolicin (fren) from S. 
roseo/u/vLis. granaticin (gra) from 
S. vioiaceowber, oxytetracycline (otc) from 
S. rimosus. and tetracenomycin (tcm) from 
S. glaucescens. Apo-ACPs from each of their 
respective pofyketide synthases were purified 
(Fig. 4). 
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serve as a useful reagent for the preparation of holo-PKS 
ACPs that con be used to study downstream reactions in 
polyketide biosynthesis. Mass spectral data were collected 
for each PKS ACP following incubation for several hours 
with CoASH and pure ACPS. Tabic 1 shows that gra, fren, 
otc, and tcmHis 6 ACP were all modified from the apo- to 
the holo-form as indicated by an increase in mass of 
-339 Da due to the addition of phosphopantetheine; mod- 
ification appeared essentially complete, as indicated by 
the absence of a mass spectral peak corresponding to the 
jpo-form. It has previously been shown that apo- and 
holo- forms of E. colt ACP [8,9] and Streptomyces type II 
ACPs [6] may be separated by high performance liquid 
chromatography (HPLC). Using otc ACP as a representa- 
tive Streptomyces PKS ACP, the apo- and holo- forms were 
similarly resolved (Fig. 5); coinjection of otc apo-ACP and 
otc ACP following incubation with CoASH and ACPS 
shows two peaks at 32.6 min and 33.9 min, indicative 
of the transformation of otc ACP from the apo- to the 
holo-form and corroborating the mass spectral data. 

To investigate the substrate specificity of E. cofi ACPS, K m 
and k C3( parameters were determined for each of the Strep- 
tomyces ACP substrates under initial velocity conditions 
(Table 2; Fig. 6). When gra ACP was the substrate, the 
reaction showed severe substrate inhibition of similar mag- 
nitude to the substrate inhibition observed with the 
cognate substrate of ACPS, the ACP of E. colt fatty- acid 
synthase (FAS) (|7J; R.S. Flugel, V.L. Healy, R.H.L. and 
C.T.W., unpublished data). The severity of the observed 
inhibition of ACPS by gra apo-ACP made an accurate 
estimation of the K m and k ca( values difficult; gra ACP, 
however, qualitatively gives the highest V' mM and as a sub- 
strate for ACPS seems to be no more than 10- fold worse 



Figure 4 



Native PAGE gel (20% ) demonstrating the purity of the Streptomyces 
apo- ACPs used. Approximately 1 0- 1 2 |ig ot each ACP was loaded. 
The upper band in the gra, otc and tcmHis 6 lanes most probabty 
represents an apo-ACP dimer which has been previously reported [6J, 
given that holo-ACP was not detected by mass spectrometry, that 
each of these proteins contains a single cysteine residue which is 
lacking in E. coli and fren ACP and that the intensity of this band may 
be diminished by incubation with DTT. 
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Table 1 



Figures 



Mass spectral data demonstrating the modification of 
Streptomyces ACPs by £ co// ACPS. 

Substrate Molecular mass (Da) 

Before incubation After incubation 
with ACPS (apo) with ACPS (nolo) 

Calculated Observed Calculated Observed 



gra ACP 
fren ACP 
otc ACP 



8860 
8664 
9917 



tern ACP (Hise) 10018 



8863 
8682 
9927 
1002O 



9199 
9003 
10256 
10357 



9199 
9009 
10 260 
10376 



than the E. colt ACP. When fren ACP is used as the sub- 
strate, the substrate inhibition observed is considerably less 
than that for gra ACP; there is no substrate inhibition when 
tcmHis 6 and otc ACP are used. This attenuation of sub- 
strate inhibition is concomitant with a decrease in the cat- 
alytic efficiency of ACPS modification, with both K m and 
k CTl kinetic parameters affected. Fren ACP is an approx- 
imately four-fold poorer substrate for ACPS than gra ACP, 
while otc and tcmHis 6 ACP have catalytic efficiencies 
decreased almost 25-fold when compared to gra ACP and 
about six-fold when compared to fren ACP. The poorer 
Streptomyces apo- ACP substrates arc processed at a -200- 
fold lower catalytic efficiency than E. colt FAS apo-ACP. 
The decrease in catalytic efficiency of a Strtptomyccs PKS 
ACP as a substrate for E. colt holo-ACP synthase appears to 
correlate with a decrease in the overall negative charge in 
the highly anionic ACP family (Table 2). It should be 
noted that the carboxy-terminal hexahistidine tag on the 
tcmHis 6 substrate may well contribute to an increase in its 
K m value and/or a decrease in k ar relative to the native tcm 
ACP substrate, which was not examined here. 

Processing of Co ASM analogs by holo-ACP synthase 

The specificity of E. colt holo-ACPS for its coenzyme A 
substrate was also examined in endpoint assays. CoASH 
analogs with modifications in the phosphopantetheine 
portion of the molecule were tested including homo- 
cysteamine-CoA, acetonyldethio-CoA, and desulfo-CoA 
(Fig. 7). ACPS could catalyze modification of E. colt 



Table 2 

Kinetic parameters for Streptomyces ACPs as substrates for 
£ co// ACPS. 



Substrate Charge (pH 7) 


(min") 


(u-M) 


(^M-'min-*) 


B. colt ACP -14.89 


80-100 


2<rt=2) 


50 


gra ACP -14.09 


>30 


>5 (Kj=0.6) 


6.. 


fren ACP -12.07 


19 


12 0C=54) 


1.6 


IcmACPfHiSe) -11.76 


5.4 


22 


0.25 


otc ACP -11.10 


10 


39 


0.26 



(a) 



otc holo-ACP otc apo-ACP 

32.6 rnin 33 9 mir> 




(b) 








otc desuifo- holo-ACP 


otc apo-ACP 




33.3 min 


34.2 min 





















Conversion of otc apo-ACP to holo-ACP (220 nm, absorbance units 
lull scale (AUFS) —0.25). (a) Otc (50 \lM) was incubated as described 
in the Materials and methods section with CoA in the presence of 
ACPS and also in the absence ol ACPS. Equal volumes (150^x1) of the 
two assays were then mixed and 200 p.1 of this mixture was injected 
onto the HPLC C18 reversed-phase column; Rt (apo-ACP) 33.9 min, 
(holo-ACP) 32.6 min. Single injections (data not shown) confirmed that 
the otc apo-ACP was quantitatively converted to the holo-form. 
<t>) Sample was prepared as described above except otc apo-ACP 
was incubated with desulfo-CoA; Rt (apo-ACP) 34.2 min, (desulfo- 
holo-ACP) 33.3 min. Single injections confirmed that the otc apo-ACP 
was quantitatively converted to desulfo-holo-ACP (data not shown). 



ACP with each of these phosphopantetheine analogs as 
determined by mass spectral analysis (Table 3) and analyti- 
cal HPLC analysis (Fig. 8). Both the acetonyldechio-holo- 
ACP and the homocysteamine-holo-ACP could be well 
resolved from apo-ACP when coinjected onto the HPLC 
column (Fig. 8). The ability to use desulfo-CoA also 
extended to the modification of otc ACP as can be seen by 
its conversion to the desuifo form of the holo-protcin 
(Fig. 5). The conversion of both the carba (dcthia) analog of 
acctyl-CoASH and the homocysteaminc form of CoASH to 
the holo-ACP form (Fig. 8) indicates that ACPS has relaxed 
specificity for the distal end of the phosphopantetheinyl 
moiety of CoASH, and suggests that it may be possible to 
load acylpantetheines directly onto apo-ACP substrates. 
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Figure 6 



30 




50 tOO 150 

Concentration ACP substrate i\iM) 



200 



Velocity versus substrate concentration plots for the reaction of ACPS 
with gra (black circles), fren (blue squares), otc (pink diamonds) and 
tcmHis6 (purple triangles) apo-ACP. Incubation conditions were as 
follows: gra ACP, 2 nM ACPS for 1 5 min; fren ACP. 1 8nM ACPS for 
1 0 min ; otc ACP, 1 8 nM ACPS for 1 5 min; tcmHis 6 ACP, 1 8 nM ACPS 
for iSmin. 



Discussion 

Study of the type II aromatic PKSs in vitro requires suffi- 
cient quantities of active holo-ACP, that has been correctly 
posttranslationally modified by the covalcnt attachment of 
the 4'-phosphopantetheine cofactor on which the growing 
polyketide is then assembled. Overproduction of various 
type II PKS ACPs in E. coli, however, has yielded ACP 
exclusively or predominantly in the inactive, unmodified 
apo-form. Shen et at. [5] reported that overexpression of 
the tcm ACP in E. coli gives no holo-ACP as detected by 
electrospray mass spectrometry, 3, P NMR and [3- 3 HJ 
^-alanine labeling when cultures are induced in the expo- 
nential phase of growth; induction in the stationary phase 
of growth allows the recovery of a small percentage of tcm 
holo-ACP. Crosby et oL [6J examined the apo to holo ratio 
for gra, fren, otc and actinorhodin (act) ACP overproduced 
for 2-3 h in E. colh about 30% and 2% of the gra and act 
ACPs respectively could be found in the holo-form, while 



Table 3 

Mass spectral data demonstrating the modification of ACPs 
with CoA analogs catalyzed by E. coli ACPS. 



Substrate 


CoA analog 


Molecular mass (Da) 






Calculated 


Observed 


E. coli ACP 


none (apo) 


8508 


B513 




CoA 


8847 


8850 




hom ocyst eamine- Co A 


8861 


8867 




acetonytdethb-CoA 


8871 


8906 




desulfo-CoA 


8815 


882S 


otc ACP 


desulfo-CoA 


10224 


10236 



fren and otc ACP remained unmodified. For act ACP, 
increasing the post-induction period to 1 2 h allowed 
80-90% of the act ACP to be obtained in the holo-form, 
but these fermentation conditions also led to a significant 
drop in the total amount of recoverable protein |6). Thus, 
standard overproduction approaches have not previously 
led to useful quantities of posttranslationally-modified, 
active holo-ACP species. Given the low recovery of PKS 
hoIo-ACPs and the implied low-level recognition of these 
substrates by E. coli ACPS, we wished to determine if in 
vitro incubation of these PKS ACPs with pure E. co/i ACPS 
could be used for the preparation of functional PKS holo- 
ACP. Indeed, as shown by the data presented here, ACPS 
does catalyze transfer of phosphopantetheine to gra, fren, 
otc and tcm ACP to give near quantitative conversion of 
these proteins from their apo- to holo-forms. 

The PKS ACPs examined here are also of interest 
for delineation of the substrate specificity of the 
E. co/i holo-ACP synthase. ACPS will catalyze w vitro 
phosphopantethcinyl transfer to Oalanyl carrier protein 
(9kDa) from Lactobacillus casei involved in the D-alanyia- 
tion of lipoteichoic acid [10] and also to NodF from 
Rhizobium leguminosarum (9.9kDa) involved in the 
biosynthesis of a lipo-chitin oligosaccharide molecule 
(R.H.L., A.M.G., C.J.W., T. Ritsema and HP. Spaink, 
unpublished observations). But, ACPS will not transfer 
phosphopantetheine to PCP (!3kDa), a peptidyl carrier 
protein domain derived from the type I non-ribosomal 



Figure 7 



Chemical structures of the coenzyme A 
analogs used in this study. 
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Figure B 



(a) 



acetonytdethio nolo- ACP 
30.1 rain 



apo-ACP 
33.6 min 



(b) 



homocysteamine-holo-ACP 
32.3 min 



i 



apo-ACP 
34.6 min 



have approximately the same degree of similarity to E. coli 
ACP, there is a 25-fold range in the catalytic efficiencies of 
these PKS ACPs as substrates for ACPS, in the order 
E. coli ACP>gra ACP>frcn ACP>tcmHis h , otc ACP, that 
correlates with the degree of overall negative charge of 
these proteins (Table 2). The more negatively-charged an 
ACP substrate is, the more efficient a substrate this 
protein appears to be for ACPS. This hypothesis is sup- 
ported by kinetic data determined for the reaction of 
ACPS with NodF; with an overall charge at pH 7 of 
-10.07, NodF gives a k C3t /K m value of 0.05 p.M-' min" 1 
(A.M.G., C.T.W., T. Ritsema and H.P. Spaink, unpub- 
lished observations). The tyrocidine PCP substrate, with 
its essentially neutral charge, is not a substrate for ACPS 
[11,12], but as it is a 1 1 5 amino acid (aa) domain dissected 
from a 1087 aa type I nonribosomal peptide synthetase, 
structural factors may contribute to its inability to serve as 
a substrate. An increase in negative charge also correlates 
with an increased ability of an apo-ACP substrate to 
inhibit ACPS; both £. coli apo-ACP and gra apo-ACP are 
severe substrate inhibitors of ACPS, while fren apo-ACP 
is a weaker inhibitor and tcmHis 6 and otc apo-ACP do not 
inhibit ACPS. Given the complications of kinetic analysis 
when substrate inhibition is a factor, tcmHis 6 and otc 
ACP may prove more tractable substrates for further 
examination of the mechanism of holo-ACP synthase. 



Modification of E coli ACP with CoA analogs catalyzed by ACPS 
(220 nm, AUFS= 1 .0). (a) Apo-ACP (500 ^M) was incubated wrth 
125uM acetonyldethio-CoA in the presence and absence ot 1.5 p,M 
ACPS Equal volumes (1 50 p.1) of the two assays were then mixed and 
200 uJ of this mixture was injected onto the HPLC CI 8 reversed-phasc 
column; R, (apo-ACP) 33.6 min, (acetonytdethio-holo-ACP) 30.1 mtn. 
Single injections (data not shown) confirmed that the apo-ACP was 
quantitatively converted to the modified holoform. (b) Sample was 
prepared as described above except apo-ACP was incubated wtth 
homocysteamine-CoA; R, (apo-ACP) 34.6 min, (homocysteamine-ACP) 
32.3 min. Single injections confirmed that the apo-ACP was quanti- 
tatively converted to homocysteamine-hoJo-ACP (data not shown). 



peptide cyrocidine A synthetase responsible for tyrocidine 
production in Bacillus brevis. This dichotomy has led to 
our detection of a second class of phosphopantetheinyl 
transferases that recognize the apo-ACP domains in the 
multidomain peptide synthetases II li- 
lt is, therefore, of considerable interest to determine the 
effectiveness of ACPS as a phosphopametheinylating 
agent for the ACPs involved in polyketide biosynthesis. 
The gra, fren, otc, and tern ACPs have 19.5-23.4% 
similarity to the £. coli FAS ACP. The kinetic studies pre- 
sented here indicate that, despite the fact that they all 



Genes encoding phosphopantetheinyl transferasc(s) in 
Strepfomyces spp. have not yet been identified. A crude 
extract from S. coelicolor can catalyze incorporation of phos- 
phopantetheine into the E, coli ACP, but the protein(s) 
responsible have not been purified (A.M.G., Carrcras, C, 
Khosla, C. and C.T.W., unpublished observations). U is 
not yet clear whether Streptomyces spp. will possess a uni- 
versal phosphopantetheinyl transferase or multiple phos- 
phopantetheinyl transferases- Multiple ACPs have been 
identified in S. coelicolor and S. glaucescens. In S. glaucescens, 
a constitutive ACP presumably involved in fatty acid 
biosynthesis is encoded by the fadC gene while the rcmM 
gene encodes the tetracenomycin biosynthesis ACp [3]. In 
S. coelicolor Mil), a constitutive fatty acid ACP encoded by 
the acpP gene has also been identified which, with the 
ACP genes found in the act (actinorhodin biosynthesis) 
and wAiE (spore pigment biosynthesis) PKS gene clusters, 
brings the number of different ACPs in this organism to 
three 14]. The S. coelicolor FAS ACP gene was unable to 
replace the act ACP gene for the production of acti- 
norhodin in vivo [4], indicating the functional separation of 
the FAS and PKS pathways. The malonyl-coenzyme 
A.ACP acyltransferase in £ glaucescens [3] and S. coelicolor 
A3(2) [13], however, appears to function in both fatty acid 
and polyketide biosynthesis. It will be interesting to deter- 
mine if activation of ACPs by phosphopantetheinylation 
represents another point of divergence and/or specificity 
between the FAS and PKS pathways. In E. coli, two and 
possibly three phosphopantetheinyl transferases have 
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been identified (ACPS, EruD, o!95) each with clear 
spccificiry for their cognate substrates [I I J. 

Significance 

The feasibility of generating holo-ACPs with altered 
phosphopantetheine moieties has been demonstrated in 
this study by testing sevcraJ coenzyme A analogs as sub- 
strates for ACPS. Since CoA analogs modified in the 
pantetheine arm are readily available, it should now be 
possible to routinely generate preparative quantities of 
holo-ACPs with phosphopantetheine groups of altered 
composition, length and reactivity. This opens the door 
to studies of the role of phosphopantetheine in the subse- 
quent reactions of acyftransfer, condensation, reduction, 
dehydration and cyclization in fatty acid and polyketide* 
biosynthesis. For example, the desulfopantetheinyl and 
the acetonyldethiopantetheinyl holo-ACP forms may- 
be selective inhibitors of particular steps in polyketide 
elongation. Similarly, in lieu of an as yet uncharacter- 
i;&ed Streptnmyr.es phosphopantetheinyl transferase the 
ability of ACPS to modify the PKS ACPs studied here 
makes it a valuable reagent for the large-scale prepara- 
tion of active PKS holo-ACP for further enzymatic 
studies. Also, coexpression of streptomycete apo-ACP 
molecules in an E. coli strain overproducing the E. coii 
holo-ACP synthase should yield functional holo-ACP 
and species competent for aromatic polyketide assembly. 

Materials and methods 

Overproduction and purification of Streptomyces apo-ACPs 
Plasmids containing genes for the following Streptomyces PKS acyl 
earner prote.ns were kindly provided by Chaitan Khosla, Stanford 
Urwersiry: granatin ACP (S. violaceoruber). frenoticin ACP (S roseo- 
fulvus), oxytettacyefine ACP (S. rimosus) and tetracenomycin ACP 
lb. glaucescens). These plasmids were used as the templates for PCR 
amplif.cat.on of these genes using the following primers: gra ACP 
forward primer: 5'-TTCCAGCTAGGATCA TA TGGCTCGTCTGACC- 
CTGGACGGTCTGCG-3', gra ACP reverse primer: 5'-GATTAGTCA- 
C^GCJTOAGGCCGCCTCGGCCTGGGC-a'; fren ACP forward 
primer: 5 ACATTCAGGATACCArATGAGCGCACTGACCGTTGA- 
CGAC-3', fren ACP reverse primer; 5'-AATGGCGAATAAGCTTTC- 
AGGCGGTGGCCGGGGTGGTGTT-3'; otc AO^or^TdlZer 
5'- GATCTCATGCACACA TA ^GACCCTGCTGACCCTGTCCGA-3' 
otc ACP reverse primer 5^AACTCGATGC>MGC7T7CACTTGTCC> 
?^^°^ CA ' 3 ' : tCm ACP fo,W3 ' d P ri ™ 5'-AAGTGCGAT- 
GCGAC* TA rGCCGCAGATCGGCCTGCCGCGTCTCGTC 3' tcm 
nn/r^^ Pf ' mer: 5 ' GTAGCTTAGCA4GC7T7CAGGCGACCTC- 
OOCGGCCGTCTC-3' (all primers from Integrated DNA Technolo- 
gies). The forward prtmers introduce an Ndei restriction site (italic) 
wh»le ihe reverse primers introduce a HmdlH restriction site (italic) 
in addition, the forward primers optimized the codon usage for the first 

aS^S^ 8 °' ACP 9GneS ( ° f3Ci,rtate "P^'on in £ coti The 
,NdeVHmdm-d\gested PCR product was cloned into P ET22b 
(Novagen) and transformed into competent DH5a and BL2 1 (DE3) £ 

Z^t^ idemiJy ° f (be recombinanI ACP 9enes was confirmed 
by DNA sequencing (Biopolymer Laboratory, Department of Biological 
Chemistry and Molecular Pharmacology, Harvard Medical School) 
Surprisingly, DNA sequencing revealed that the tcm ACP gene had 
inadvertently been obtained with a carboxy- terminal H,^ tag supplied 

i Pwwuu5L 22b VeCt ° r and a PP endin 9 the amino add sequence 
LtnnMHHH to the overe* pressed tcm ACP. 



K3fe T l ''^f 22 ^ BL2 1 (DE3)pET22b-fren, BL21 
PE3)pET22b-otc, and BL21 (DEaJpETZSb-tcmhis, (2x11 2*YT 

ofo B T ri e .r h 9 : OW " " 37 ' C '° a " « density Q.D) of 
nos.de (IPTG). Growth continued for 3-4„ and cells we.e han-esled 
by centnfuga.ion. The overproduced ACPs were released and pTrWed 
by a va,,a„on of the fr eei e/,haw method of Morns e, a,. " l5T Tnt 
harvested cells were frozen as a cell pellet a, -80"C for 24 h and .ne^ 

EDTA dH 7 st't* <5 f ^ T : iS HC '- 2mM (DTtT^M 
the , ' fj* 6 overe »P res sed ACPs without lysmg 

the cells. Th,s freeze/thaw supernatant „ as , he „ toad ed onto a 
Phloem) which had previous., been eotfr 
„ Fw P""f'cation of gra ACP. a 200 ml gradient of 

0.4 0.8M KCI was then applied at a flow rate ol 2mlmin - with ACP 
elu.ing a, -0.4M sal, as indicated by 20% native PAGE of the cofumn 

! n *??Ji W3S ,0n0We6 by a 300ml °' 3 -°-6M KO gradiem and 
a 50ml 0.6-0.8M KG gradient with ACP again eluting a. -0 4M 

UOO^ ° ,C rt ACP j Punfica,io "- »• column was washed with buffer A 
,™ a " d 9 rad,en,s °» 0-0.2M KCI (150ml) 0 2-O5M KCI 

? e I™?V ,C ' ,CmH,s « ACP P""«cation, the column was 

025 O ^ M l°« S? n " ,f a " d 9 ' adien,S °' °-° 25M K C. (150ml), 
O25-0.55M KCI (300ml) and 0.55-0.8 M KCI (100 ml) applied 
(ACP elu.es at -0.35 M KCI). Fractions conta.ning each ACP t 
tudged lb, -20% native PAGE were pooled and dialled against 2 | 
!k , S,39e in ' he P uri,ica ' i < ,f '- a sample of each ACP was 
subrmted fo, armno-terminal protein sequencing dOcycles) and 

S •? S ?f C ' ral analys,$ (Howard Hu 9" es 'ns«tute 

Brcpolymer Facility. Harvard Medical School). 

B^D- 8^°* 6aChACP P""^ — homogeneity, the 
OioCAU SPRIMT~ perfuaon chromatography system (PerSeplive 
Biosystems^ Inc.) was used. A portion of the dialyzed ACP samples 
lonowing Q sepharose chromatography was applied to a POROS 
^umu amon-exchange column at a flow rate of 10 ml mm-' The 
optimum pH for separating the ACPs from Ihe remaining contaminants 
was determmed to be gra ACP. pH 9.0; fren ACP, pH 6.0; otc ACP pH 

on US m Se ACP ' 90 Pf ° ,eins were e,uted wi,h a gradient of 
0-0.5M NaCI in 10mM Tris. IOmM Bis tris propane of Ihe indicated 
PH. the tcmHis 6 ACP sample was additionally purified by nickel chelate 
chromatography according to the manufacturer's instructions (Novagen). 
The buffer was exchanged lor 50 mM Tris HO. pH 8.0 and the protein 
samples concentrated using Centriprep 3 (Amicon). Protein concentra- 
tion was determined by measuring the absorbance at 280nm using the 
following calculated extinction coefficients 1 1 5) : gra ACP 1 400 M" 1 cm- ' 
o«n A ^ 256 f )M " cm -'- °tc ACP 2680M-'cm-. and tcmHis 6 ACP 



Preparation of the CoASH analogs 

Desuffocoenzyme A was purchased from Sigma Chemical Company. 
Acetonyldethio-coenzyme A was prepared as described previously 
Hfj. Homocysteamfne-coenzyme A was prepared as follows A 
suspension of 0.88g homocysteamine hydrochloride [17,18] in 1ml 
o' 2 /^!* addGd 10 10mg aden ^ in e S'-ftrihydrogen diphosphate) 
3-(dihydrogen phosphate) S'-ftR^-hydroxy^ lO-rpropylthioJ-a-oxo- 
propyljammol^^-dimethyl^-oxobutyl) ester [19j in 1 ml H 3 0 and the 
pH adjusted to 10 with 6M NaOH The reaction was stirred at room 
temperature wh,le nitrogen was gentry bubbled through the solution 
The reactroo was monitored by analytical HPLC and complete disap- 
pearance of the starting CoA synthon (R t = 1 7.3 min) and appearance 
of product (R,= 13.7 min) was observed in 4h. The reaction was fil- 
tered, the pH was adjusted to 4.5, and the product partially purified by 
preparative HPLC (5 min 5% methanol (solvent B) followed by a linear 
gradient to 45% B over 40 min, product eluted at 25-32 min). The 
product was further purified on a DEAE-Sepharose column (20x2 5 
cm, 0-0.2 M NaCI pH 2.8, product eluted at 0.13 M NaCI) to yield 
4.5mg homocysteamine- CoA. X mM = 260nm. 'HNMR (as potassium 
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salt, 400mHz, D 2 0): 6 0.724 (s, 3H), 0.852 (s, 3H), 1.65-1.72 (m, 
2H), 2.392 (t, 2H, 7=6.4 Hz), 2.447 (t, 2H, 7=7.0 Hz), 3.174 (t, 2H t 
7-6.8 Hz), 3.409 (t, 2H, 7=6.2 Hz), 3.516 (dd, 1H. 7=4.6, 1O.0Hz)! 
3.785 (dd, 1H, 7=4.8, 10.0 Hz), 3.962 (s, 1H), 4.195 (br s, 2H),' 
4.551. {br s, 1H), 6.160 (d, 1H, 7=6.0 Hz), 8.306 (s, 1H), 8.561 (s[ 
1H). Mass Spec HRMS (FAB): (M-H+)- calc'd lor C„H 37 N 7 O l6 P 3 S 
m/z 780.191, found 780.126. 

Analytical and preparative- scale HPLC experiments were performed 
using a Perkin-Bmer 250 HPLC with a PE LC-235 diode array detec- 
tor and a gradient of methanol (solvent B) in aqueous potassium 
phosphate (solvent A, 50 mM KH 2 P0 4 for analytical runs, 10mM 
KH 2 P0 4 for preparative runs). Analytical HPLC was done on a Rainin 
Mtcrosorb C18 column (4.6mmx25cm) with monitoring at 215 and 
260 nm. Compounds were eluted with a flow rate of 1 ml min -1 
with 5% solvent B for 2 min, followed by a linear gradient to 60% 
solvent B over 12 min, and then maintained at 60% solvent B. Prepar- 
ative scale HPLC was done on a Rainin Microsorb C18 column 
(21.4 cm x 25 cm) with monitoring at 215 and 280 nm and a flow rate 
of lOmlmin -1 . Mass spectral analysis was performed at the University 
of California at Riverside Mass Spectrometry Facility, Riverside, CA. 
The concentrations of CoA analog solutions were determined using 
c 26O =15 400 M-'cm- 1 . 

Assay for apo-ACP to holo-ACP conversion by transfer of 
3 H-phosphopantetheine from 3 H~coenzyme A 
The radioassay for determination of phosphopantetheinyl transferase 
activity has been previously described [7,9,11]. Briefly, in a final 
volume of 100uJ, substrate (apo gra, fren , otc or tcmHis 6 ACP) was 
incubated with 75mM TrisHCI, pH 8.8, lOmM MgCI 2 , 25mM DTT, 
220 jiM | 3 H]-(pantetheinyl)-CoASH (specify activity 105 p.Ci nm<>|-\ 
70% label in phospho pantetheine portion of the molecule) and E. cofi 
holo-ACP synthase (prepared as described in [7)) at an appropriate 
concentration at 37°C for a specified time. Reactions were quenched 
with 800 uJ 10% trichloroacetic acid (TCA), bovine serum albumin 
(375 p.g) was added as a carrier, and protein precipitate pelleted by 
centrifugation. This petlet was washed 3x with 10% TCA and the 
pellet was dissolved in 1 M Trts base. The amount of radiolabel incor- 
porated into the solubilized protein pellet was then determined by 
liquid scintillation counting. For the K m measurements of the Strepto- 
myr.es ACPs as substrates for holo-ACP synthase, the following condi- 
tions were used: gra ACP was incubated at varying concentrations 
over the range 5-60 u,M with 2nM ACPS for 15 min; fren ACP (range 
5-80 m-M) was incubated with 18nM ACPS for 10 min; otc ACP 
(range 5-1B0uJv1) was incubated with 18nM ACPS for 15min; 
tcmHis 6 ACP (5~100p.M) was incubated with 18nM ACPS for 
1 5 min. The amount of tritium incorporation at each ACP concentration 
was determined in triplicate. Samples of each Streptomyces ACP were 
submitted for MALDITOF mass spectral analysis following incubation 
for several hours with 1.8u,M ACPS using the same conditions 
described for the radioassay except that 2mM CoASH or 200 uM 
desulfoCoA was used as indicated 

HPLC and mass spectrometry assay for modification of ACPs 
In a 1.5-ml microcentrifuge tube, 1 mM CoA (or 1 25 pM CoA analog), 
500 u-M apo-ACP (or 50u.M otc apo-ACP), 20 mM MgCI 2 , 10 mM 
DTT, 1 50 mM Tris-HCl. pH 8.8. and 1 .5 uJvl ACPS (1 00 uJ final volume) 
were incubated at 37°C for 30 min Reactions for HPLC analysis were 
quenched with 900^1 0.1% trifboroacetic acid (TFA). A sample 
(200 pi) of this solution was injected onto a CI 8 reversed phase analy- 
tical column (Vydac) which had been equilibrated with 15% iso- 
propanot in 0.1% TFA (eluant A) at O.Smlmin-'. Absorbance at 220 
nm was monitored. The sample was eluted from the column with 2.5 ml 
100% A, a 10ml linear gradient to 40% B (75% rsopropanol in 0.1% 
TFA), followed by a 7.5-ml Hnear gradient to 100% B at a constant 
flow rate of 0.5 ml min" ». Under these conditions holo-ACP elutes 
before apo-ACP. Samples for MALDI-TOF mass spectrometry analysis 
were submitted as the crude incubation mixtures (Biopofymers Facifity, 
Howard Hughes Medical Institute, Harvard Medical School). 



Acknowledgements 

We thank Chaitan Kboala for supplying plasmids containing genes for the 
Srrep/omyces acyt carrier proteins. We also thank Professor Khosla for dis- 
cussions and encouragement to undertake these studies. We thank Ben- 
jamin Schwartz for the preparation of acetonytdethio-CoA. We thank fvar 
Jensen and Michelle Obenauer of the Howard Hughes Medical Institute 
Biopolymer FaciLty (Harvard Medical School) tor protein amino- termwial 
sequence and mass spectral analyses. We also thank the laboratory of 
Charles Dahl (Harvard Medical School) for DNA sequence analyses This 
work was supported by National Institutes of Health grants GM2O011 to 
C.T.W. and GM45831 to D.G.D. A.M.G. is a Howard Hughes Medical Insti- 
tute Predoctoral Fellow. R.H.L was supported by National Institutes of 
Health Post-Doctoral Fellowship GM1658-03. 

References 

1. Hopwood, DA & Sherman, D.H. (1990). Molecular genebcsof 
polyketides and its comparison to fatty acid biosynthesis. Anna. Rev 
Genet 24, 37-66. 

2. Hutchinson, C.R. (1 995). Polyketide synthase gene manipulation; a 
structure-function approach b engineering novel antibiotics. 
Annu. Rev. Microbiol. 49, 201-238. 

3. Summers, R.G., Ali, A., Shen, B.. Wessel, W.A. & Hutchinson, C.R 
(1 995). Malonyl-coenzyme A: acyl carrier protein acyltransf erase of 
Streptomyces glaucescens: a possible link between fatty acid and 
polyketide biosynthesis. Biochemistry 34, 9389-9402 

4. Revill, W.P., Bibb, MJ., & Hopwood, DA (1996). Relationships 
between tatty acid and polyketide synthases from Streptomyces 
coebcotor A3<2): characterization of the fatty acid synthase acyl carrier 
protein. J. Bacteriot 178. 5660-5667. 

5. Shen, B., Summers, R.G., Gramajo, H, Bibb, MX & Hutchinson, C.R 
(1992). Purification and characterization of the acyl carrier protein of 
the Streptomyces glaucescens tetracenomycin C polyketide synthase 
J. Bacteriot. 1 74, 38 1 8-382 1 . 

6. Crosby, J.. Sherman, D.H., Bibb, MJ., Revill, W.P., Hopwood, DA & 
Simpson. TJ. (1 995). Polyketide synthase acyl carrier proteins from 
Streptomyces: expression in Escherichia cott, purification and partial 
characterisation. Biochim. Biophys. Acta 1251 35-42 

7. Lambalot, R.H. & Walsh. C.T. (1995). Cloning, overproduction, and 
characterization of the Escherichia coti holo-acyi carrier protein 
synthase. I Biol. Chem. 270. 24658-24661. 

8. Hill. R.B.. MacKenzie, K.R., Fianagan, J.M.. Cronan, J.E., Jr. & 
Prestegard, J.H. (1995). Overexpression, purification, and 
characterization of Escherichia coti acyt carrier protein and two mutant 
proteins. Protein Expr. Purif. 6, 394-400 

9. Lambalot, R.H. & Walsh, C.T. (1997). Holo-acyl carrier protein 
synthase ol Escherichia cod. Methods Enzymol., in press 

10. Debabov, D.V., Heaton, M.P... Zhang. Q.. Stewart, K.D., Lambalot R H 
& Neuhaus, F.C. (1 996). The o-alanyt carrier protein in Lactobacillus 
casei: cloning, sequencing, and expression of oVfC. / Bacteriot. 178 
3869-3876. 

1 1 . Lambalot, R.H.. ef a/., & Walsh, C.T. [1 996). A new enzyme superfamily - 
the phosphopantetheinyl transferases. Chemistry & Biology 3, 923-936 

1 2. Stachelhaus, T.. Hiiser, A. & Marahiel. MA (1 996). Biochemical charac-" 
tenzatjon of peptidyt carrier protein (PCP), the thblation domain of 
multifunctional peptide synthetases. Chemistry & Biology 3, 913-921 

13. Revill, W,P„ Bibb, MJ. & Hopwood, DA (1995). Purification ola 
malonyltransterase from Streptomyces coelicohr A3(2) and analysis 
of its genetic determinant J. Bacteriot. 177, 3946-3952. 

1 4. Morris, SA. Revin, W.P.. Staunton. J & Leadlay, P.F. (1 993). Purification 
and separation of hob- and apo-forms o* Saccharopofyspora erythraea 
acyl-camer protein released from recombinant Escherichia coti by 
freezing and thawing. Biochem. J. 294, 521-527. 

1 5. GiP. S.C. & von Hippel. P.H. ( 1 989). Calculation of protein extinction 
coefficients from amino acid sequence data Anal. Biochem. 182. 
319-326. 

16. Martin. DP. & Orueckhammer, D.G. (1992). Combined chemical and 
enzymatic synthesis of coenzyme A analogs. / Am. Chem. Soc 114. 
7287-7288. * 

1 7. Chiba, T., er a/., & Sato, M. (1 987). Studies on amino acid derivatives. 
Part 7. General method for the synthesis of penam and cepham and 
their substituted derivatives. JCS Perkins 1 8. 1 845-1 851 . 

1 8. Shmizu, M., Nagase. O., Hosokawa, Y. & Tagawa, H. (1 968). 
Chemical synthesis of coenzyme A analogs of a modified cysteamine 
moiety. Tetrahedron 24, 5241-5250. 

1 9. Martin, D.P., Bibart, R.T. & Drueckhammer, D.G. (l 994). Synthesis of 
novel analogs of acetyl coenzyme A: mimics of enzyme reaction 
intermediates. / Am. Chem. Soc. 116. 4660-4668. 



BNSDOCID: <XP 2296252A__t_> 



Research Paper 923 
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Background: Alt polyketide synthases, fatty acid synthases, and non-ribosomai 
peptide synthetases require posttranslational modification of their constituent _ 
acyi carrier protein domain(s) to become catalytrcally active. The inactive apo- 
proteins are converted to their active holo-forms by posttranslational transfer of 
the 4'-phosphopantetheinyl (P-pant) moiety of coenzyme A to the sidechain 
hydroxy! of a conserved serine residue in each acyl carrier protein domain. The 
first P-pant transferase to be cloned and characterized was the recently reported 
Escherichia coli enzyme ACPS, responsible for apo to holo conversion of fatty 
acid synthase. Surprisingly, initial searches of sequence databases did not reveal 
any proteins with significant peptide sequence similarity with ACPS. 

Results:' Through refinement of sequence alignments that indicated low level 
similarity with the ACPS peptide sequence, we identified two consensus motifs 
shared among several potential ACPS homologs. This has led to the 
.identification of a large family of proteins having 1 2-22 % similarity with ACPS, 
which are putative P-pant transferases. Three of these proteins, £ coli EntD and 
o1 95, and B. subtilis Sfp, have been overproduced, purified and found to have 
P-pant transferase activity, confirming that the observed low level of sequence 
homology correctly predicted catalytic function. Three P-pant transferases are 
now known to be present in E. coli (ACPS, EntD and o195); ACPS and EntD 
are specific for the activation of fatty acid synthase and enterobactin synthetase, 
respectively. The apo-protein substrate for o195 has not yet been identified. Sfp 
is responsible for the activation of the surfactin synthetase. 

Conclusions: The specificity of ACPS and EntD for distinct P-pant-requiring 
enzymes suggests that each P-pant-requiring synthase has its own partner 
enzyme responsible for apo to holo activation of its acyl carrier domains. This is 
the first direct evidence that in organisms containing multiple P-pant-requiring 
pathways, each pathway has its own posttranslational modifying activity. 
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Introduction 

Multienzyme complexes exist for acyl group accivacion 
and transfer reactions in the biogenesis of fatty acids, the 
polyketide family of natural products (e.g. erythromycin 
and tetracycline), and almost all non-ribosomai peptides 
(e.g. vancomycin, cyclosporin, bacitracin and penicillin). 
All of these complexes contain one or more, small 
proteins, -80-100 amino acids (aa) long, either as separate 
subunits or as integrated domains, that function as carrier 
proteins for the growing acyl chain. These acyl carrier 
protein(ACP) domains, which may be one of the domains 
of a multi-functional enzyme (in the type I synthases) or a 
separate subunit (in the type II multienzyme complex 
synthases), can be recognized by the conserved sequence 
signature motif (L,V)(G,L)(G,A,F,Y)(D,H,K,E)S(L,Q) 
(DAG) [1]. They are convened from inactive apo-forms 



to functional holo-forms by attack of the 0-hydroxy 
sidechain of the conserved serine residue in the ACP 
signature sequence on the pyrophosphate linkage of 
coenzyme A (CoASH). This results in transfer of the 4'- 
phosphopantctheinyl (P-pant) moiety of CoASH onto the 
attacking serine (Fig. 1). The newly introduced -SH of the 
P-pant prosthetic group now acts as a nucteophile for 
acylation by a substrate, which may be acyl-CoA or 
malonyl-CoA derivatives for the fatty acid and polyketide 
synthases (PKS), or aminoacyl-AMPs for the peptide and 
depsipeptide synthetases (Fig. 2). In the PKS complexes 
the carboxy-acrivated malonyl-ACP derivative then 
undergoes decarboxylation, forming a nucleophilic 
carbanion species that attacks a second acyl thiolcster to 
yield a new carbon- carbon bond in one of the steps of 
polyketide biosynthesis. In peptide and depsipeptide 
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Figure 1 
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General reaction scheme for posttranslational phosphopantetheiny- from CoA to a conserved serine residue of apo-ACP to produce holo- 

lation. P-pant transferases transfer the 4'-phosphopantetheine moiety ACP and 3',5'-ADP. 



synthetases, the aminoacyl-ACPs or hydroxyaeyl-ACPs 
serve as nuclcophiles in amide and cscer bond-forming 
steps respectively (Fig. 3). The posttranslational phospho- 
pantetheinylation of apo-ACP domains is clearly essential 
for the activity of the multienzyme synthases responsible 
for the. biogenesis of a vast array of natural products. We 
-have therefore searched for and characterized enzymes 
with P-pant transferase activity. We recently reported the 
cloning and charac-terization of the first such transferase, 
the Escherichia colt holo-acyl carrier protein synthase 
(ACPS), which activates the fatty acid synthase ACP by 



converting it to its holo-form [2]. Using the conversion of 
E, coli apo-ACP to holo-ACP as an assay, we purified 
ACPS 70 000-fold and identified it as the product of a 
previously described essential E. coli gene of unknown 
function, dpj [3J. The £. coli ACPS is a 28 kDa dimer of 
two 125-aa subunits with a k a( of 80-100 min -1 and a 
K M ^ 10 -6 M for apo-ACP. \Vc subsequently showed that 
the E. coli ACPS will also modify apo-forms of several 
type II ACP homologs including the Lactobacillus casei 
D-alanyl carrier protein (DCP) involved in D-alanylation of 
lipoteichoic acid [4], the RJtizobia protein, NodF, involved 
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The terminal cysteamine thiol of the 
phosphopantetheine cofactor acts as a 
nucleophfle for acyl activation, (a) Fatty acid 
synthases and polykettde synthases transfer 
acyl groups from acyl -Co A to the phospho- 
pantetheine tether attached to ACP. 
(b) Non-ribosomal peptide and depsipeptide 
synthetases first activate their amino-acyl or 
acyl substrates as their acyl-adenytates 
before transfer to the phosphopantetheine . 
tether of PCP. 
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in the acylation of the oligosaccharide-based nodulacion 
factors [5], and che Streptomyces ACPs involved in freno- 
Jicin, granaticin, oxytetracycline, and tetracenomycin poly- 
ketide antibiotic biosynthesis (AMG, RHL and CTW, 
unpublished results). 

The £. coli ACPS does not deccccably transfer P-pant to 
the apo-forms of two type I P-pant-requiring proteins 
involved in amino acid activation, namely apo-EntF 
which is involved in L-serine activation during E. coli 
enterobactin biosynthesis [6,7] and apo-PCP, a peptidyl 
carrier protein fragment from the Bacillus brevis ryrocidine 
synthetase (TycA) [8]. Thus other P-pant transferases, 
specific for the apo-forms of type I peptide synthetases, 
must exist. Our search in the completely sequenced 
Haemophilus influenzae [9] and Saccharomyces cerevisiae 
genomes for functional homologs of E. colt acpS initially 
failed to reveal genes with any apparent homology 
despite the fact that posttranslational phosphopante- 
thcinylation of ACP domains clearly occurs in these 
organisms: We report here that more refined database 
searches yielding peptide sequences with only marginal 
similarity to ACPS, have in fact led us to identify a large 
second family of P-pant transferases including the E. coli 
EntD and B. subtilis Sfp proteins. The genes encoding 
these proteins have pre-viously been shown to be 
required for the production of the non-ribosomal pepddes 
enterobactin and surfactin, respectively (Fig. 4) [10,11]. 
Putative P-pant transferases have also been identified 
in H. influenzae and S. cerevisiae (Fig. 5 and Table 1). We 
have overproduced and purified EntD, Sfp and a third 

Figure 3 



Acyl-pantetheinyl thiofesters have a wide 
variety of fates in the biosynthesis of complex 
natural products. Acyl-pantethetnyl thiolesters 
can act as (a) carbanion nucleophiles for 
carbon skeleton assembly in fatty acid and 
polyketide biosynthesis or as (b) nitrogen or 
(c) oxygen nucleophiles to yield amide or 
ester bonds in peptide and depsipeptide 
biosynthesis. 



£. coli protein ol95 and have demonstrated the ability of 
each to catalyze the transfer of 4'-phosphopantetheine 
from CoASH to apo-protein substrates. 

Results 

Database search for ACP synthase homologs 

BLAST searches (basic local alignment search tool) [12] 
with the 125-aa E. coli ACPS protein sequence revealed 
marginal .similarity to the carboxy-terminal region of 
five fungal fatty acid synthases, suggesting that phospho- 
pantetheinylation activity may have been subsumed as 
a domain in these polyenzymcs (Fig. 5). We propose a 
scheme, based on several lines of genetic evidence 
[13-18], in which the carboxyl-terminus of the FAS2 
subunit could be responsible for the autophosphopan- 
tethcinylation of the amino-terminal ACP domain. 
However, to date we have been unable to demonstrate P- 
pant transfer from CoASH to the S. cerevisiae FAS2 ACP 
domain (residuesAspl42-Ser230) catalyzed by the putative 
P-pant trans-ferase domain (residues G!yl774-LyslS94) 
(data not shown). 

Using the small similarity between the fungal FAS2 
carboxyl-termini and ACPS as a starting point, we detected 
potential homology to three bacterial proteins, EntD 
(E. coli), Sfp (B. subtilis), and Gsp (B. brevis) which have 
previously been identified -as genes that appear to have 
a common ancestor (orthologous genes) (Fig. 5) [19]. 
Indeed E. coli entD and Bacillus brevis gsp can complement 
sfp mutants, supporting the idea that these three proteins 
have similar functions [19,20]. The specific biochemical 
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Figure 4 
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Norvribosomal peptides and some of the 
genes involved in their synthesis, 
(a) Chemical structures of surfactin and 
enterobactin. (b) The srf operon consists of 
four open reading frames in which srf A, srfB, 
and srfC encode for the activities that 
activate and assemble the seven component 
amino acids and branched chain ^-hydroxy 
fatty acid of surfactin. 



functions of entD, sfp and gsp have up to now remained 
obscure. Sfp was isolated as a locus required for production 
of the lipopeptide antibiotic surfactin in B. subtUis (Fig. 4) 
[11] and gsp is similarly required for gramicidin bio- 
synthesis [19]. Likewise, entD has been shown to be 
required for production of the Fc HI -cheIacing siderophorc 
enterobactin in £. coli [10]. Further BLAST searches 
revealed several other proteins that share potential 
homology with ACPS (Table 1), including a third E. coli 
open reading frame (in addition to ACPS and EntD) of 
unknown function designated ol95 and proteins involved 
in cyanobacterial heterocyst differentiation and fungal 
lysine biosynthesis. Local sequence alignments of the 
putative P-pant transferase domains reveal two sequence 
motifs containing several highly conserved residues (Fig. 5, 
highlighted in yellow). 

Confirmation of sequence-predicted P-pant transferase 
activity 

To test the sequence-predicted P-pant transferase activity 
of this enzyme family, we needed to overproduce and 
purify representative members of this family (EntD, Sfp 
and ol95) ( prepare apo-forms of putative substrate proteins 
or subdomains (ACP, PCP, EntF, and SrfBl) and assay the 
catalytic competence of the putative enzymes. 

Overproduction, purification and characterization of enzymes 
Sfp (26.1 kDa) was overproduced and purified using 
previously published procedures (Fig. 6) [11]. EntD (23.6 
kDa) had previously been cloned, but its overproduction 
had proven difficult, presumably due to the frequency of 
rare codons and an unusual UUG start codon [10]. We 
therefore changed the UUG start to AUG and optimized 
the codon usage for the first six residues. The entD gene 



was PCR-amplified from wild type E. coli and cloned 
into the T7-promoter-based pET28b expression plasmid 
(Novagen). Induction at 25° C yielded soluble EntD, which 
was purified by^ ammonium sulfate precipitation and 
Sephacryl S-100 chromatography. Similarly, the ol95 gene 
was PCR-amplified from wild "type £. coli cells with codon 
optimization and cloned into pET28b. Induction at 37°C or 
25° C yielded predominantly insoluble ol95 protein (2L8 
kDa), that could be solubilized in 8 M urea, purified by 
Q-Sepharose chromatography under denaturing conditions, 
and renatured by dialysis. 

Overproduction, purification and characterization of substrates' 
Apo-ACP and apo-EntF were overproduced and purified 
as previously described [7] [21]. Apo-PCP (the peptidyl 
carrier protein of tyrocidine synthetase, see Fig. 7) and 
apo-SrfBl (the first amino acid activation and peptidyl 
carrier protein domains of surfactin synthetase subunit B) 
were overproduced in E. coli and purified as hexa- 
histidine-tagged proteins using nickel chelate chromato- 
graphy. Typically, when P-pant-requiring enzymes are 
over-produced in E. coli the fraction of recombinant pro- 
tein that is modified to the holo-form represents only a 
small percentage of the total recombinant protein [22]. We 
have been able to confirm that the percentage of holo- 
ACP present in the purified preparation is below 5 % by 
using analytical HPLC to resolve the apo and holo-forms 
of the protein (data not shown) [23]. The ratio of apo- to 
holo-forms of the other substrates after purification was 
not precisely determined. It is clear, however, as shown 
below, that sufficient quantities of the apo-forms of each 
of these proteins were obtained to act as substrates of the 
P-pant transferase enzymes. P-pant transferase activity 
toward each of these substrates was assayed by monitoring 
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Figure 5 
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The putative phosphopantetheinyl transferase family, (a) Schematic 
showing location of the proposed' P-pant transferase domains (purple) 
and location of consensus sequences (yellow) in the fungal fatty acid 
synthases (FAS), the Sfp/Gsp/EntD/o1 95 homology family, and £ colt 
ACPS. Component FAS activities are abbreviated as AT, acyl 



transferase; ER, enoyl reductase; DH t dehydratase; MT/PT 
malonyl/palmitoyl transferase; ACP, acyl carrier protein; KR, 
ketoreductase; KS, ketosynthase. (b) Local DNA sequence alignments 
of the consensus sequences of the P-pant transferase enzyme 
superfamiry. Highly conserved residues are boxed. 



the transfer of [ 3 H]-4'-phosphopantctheine from [ J H]- 
(pantethcinyl)-CoASH in the presence of the putative P- 
pant transferase enzyme. Reactions were quenched with 
10 % trichloroacetic acid (TCA), and the resulting protein 
pellet was washed, resolubilized, and counted by liquid 
scintillation to determine the extent to which the apo- 
substrace was modified to the holo-form by the covalent 
attachment of [ 3 H]-4'-phosphopantetheine. 

Enzymatic activity with apo-ACP and apo-PCP as substrates 
We were initially concerned that large proteins such as 
EntF (140 kDa) and SrfB (400 kDa) would be difficult to 
work with as substrates for the preliminary charact- 
erization of the putative P-pant transferases. Indeed our 
prior attempts to modify purified EntF with ACPS had 
been unsuccessful (RHL, RSF and CTW, unpublished 
results). Studies with the large, multifunctional chicken 
fatty acid synthase had shown that, following partial 
proteolytic digestion, functional domains representative of 



component synthase activities could be isolated [24-2S]. 
Indeed, a functional ACP domain of the rat fatty acid 
synthase had previously been isolated in this manner 
(S Smith and VS Rangan, personal communication). By 
identifying the sequence limits of a peptidyl carrier 
protein (PCP) domain of cyrocidine synthetase (TycA), 
Marahiel and coworkers have been able to overproduce a 
functional 112-aa peptide synthetase carrier protein [8] 
(Fig. 7). This protein undergoes partial phosphopantc- 
theinylation in £. colt, and can then act as an aminoacyl 
acceptor when incubated with its corresponding adenyl- 
ation/transferase domain. The PCP substrate is easily 
purified from endogenous E. colt ACP when expressed as 
a hexahistidine fusion (data not shown). An analogous 
strategy led to construction and isolation of a hexa- 
histidine fusion of SrfBl, a 143 kDa fragment containing 
the amino-acid-activating and PCP domains involved in 
the activation of the fourth residue (valine) in surfactin 
biosynthesis (Fig. 7). 
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Table 1 



ACP synthase homologs/ 



Pathway 



Protein 



Organism 



Enterobactin 



Surfactin 

Gramicidin S 
Bacitracin 
Iturin A 
Nosiheptide 
Lysine 
Fatty acids 



Differentiation 
Unknown 



EntD 



Sfp 
PsM 
Gsp 
Bli 

Lpa-14 

NshC 

LYS5 

ACPS 

HI0152 

FAS2 



Hetl 

o195 

1314154 

CB.T04G9 



£ coli 

S. typhimurium 
S. austin 
S. flexneri 
B. subtilis 
B. pumilus 
B. brews 

B. licheniformis ' 

B. subtilis 
S. actuosus 
S. cerevisiae 
£ colt 

H. influenzae 
S. cerevisiae 

C. albicans 
P. patulum 
S. pom be 
A. nidufans 
Anabaena sp. 
Synechocystis sp. 
£ coti 

S* pombe 
C. elegans 



Size 



209 aa 
232 aa 

232 aa 
209 aa 

224 aa 

233 aa 
237 aa . 

225 aa 
224 aa 
253 aa 
272 aa 
126aa 
235 aa 
1894aa 
1885 aa 
1857 aa 
1842 aa 
1 559 aa 
237 aa 
246 aa 
195 aa 
258 aa 
297 aa 



•All sequences except NshC (W Strohl, personal communication, 
GenSank Accession Number U75434, submitted) and BU 
(M Marahiel, unpublished) are available in the GenBank, Sw.ssProt, 
or EMBL databases. 

As mentioned above, recombinant PCP undergoes partial 
phosphopantetheinylation when expressed in'E. colt [8J. 
When recombinant PCP was incubated with purified 
ACPS and pH]-(pantctheinyl)-CoASH in vitro, however, 
no incorporation of 3 H label was observed (Fig. 8). This 
result agreed with our earlier finding that ACPS cannot 



catalyze the modification of EntF, another type I peptide 
synthetase component. We therefore hypothesized that 
another E. coli P-pant transferase activity, probably EntD 
given its sequence similarity to ACPS, is specific for 
the phosphopantetheinylation of EntF or recombinant 
PCP overproduced in £. coll To test this idea, we 
incubated each of the four pure proteins ACPS, EntD, 
ol95, and Sfp with apo-ACP and apo-PCP in the presence 
of [ 3 H]CoASH. Each of the four candidate P-pant trans- 
ferases generated tritiatcd ACP and/or PCP in TCA 
precipitation "assays (data not shown). To verify that 
the 3 H label that coprecipitated with ACP and PCP 
represented covalent attachment of P-pant, the tritiated 
products were subjected to SDS electrophoresis and 
autoradiography (Fig. 8). It is clear that both ACPS and Sfp 
show robust phosphopantetheinylation activity (Fig. 8a). 
When apo-ACP is the substrate, EntD is weakly active 
compared to ACPS and Sfp and ol95 is even less active, 
but both EntD and o!95 give signals well above the 
background, showing that EntD and ol95 do have P-pant 
transferase activity. When the 13 kDa apo-PCP was used 
as substrate for these four P-panc transferases in Figure Sb, 
Sfp and EntD are now highly active, but ol95 and ACPS 
give no detectable modification at the single timepoint. 
When the much larger substrates apo-EntF and apo-SrfBl^ 
fragment (140 kD) are used (Fig. 8c), the cognate 
enzvmes, EntD for EntF and Sfp for SrfBl, are obviously 
competent for postradiational phosphopantetheinylation. 
Mass spectrometry was used to confirm that the tritium 
incorporated into the apo-proteins represented transfer of 
the intact phosphopantetheinyl group. We previously 
validated this approach using ACPS as catalyst and holo- 
ACP as product [2] and used it here to examine PCP 
modification. Mass spectrometric analysis (MALDI-TOF) 
of unlabeled enzvmatic holo-PCP indicated a molecular 



Figure 6 



(a) Sfp 



(b) EntD 




(c)o195 




Overproduction of candidate P-pant 
transferases, (a) Purification of Bacillus 
subtilis Sfp heterologousty expressed in 
Escherichia coli. (b) Overproduction and , 
purification of £ coli EntD. 
(c) Overproduction and purification of £ coli 
o1 95. All gels shown are SDS-PAGE (1 5 % 
acryiamide, 2.6 % bisacrylamide). 
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Figure 7 



P-pant acceptor domains and the His s -tagged 
constructs used for purification. Schematic 
diagram showing the comparative alignment 
of (a) SrfB and the SrfBl-His a fragment, 
(b) Tyc A and its constituent PCP domain 
tagged with His 8 and (c) EntF. Aminc-acid- 
activating domains are shown in fight purple. 
Phosphopantetheine attachment sites are 
shown in dark purple. 
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(c) EntF 



weight* of 13 431 (calculated 13 459) in contrast to an 
observed molecular weight of 13 130 (calculated 13 120) 
for the apo-PCP substrate. These are the first data that 
establish that EntD, Sfp, and ol95 are enzymes'and that 
they catalyze the transfer of P-pant to the serine sidechain 
of an acyl carrier protein!. 

Specificity of ACPS, EntD and o195 

Having demonstrated that EntD does in fact have P-pant 
transferase activity, we sought kinetic confirmation that 
it is indeed the enzyme responsible for the posttransfa- 
tional modification of EntF. As described above, auto- 
radiography of SDS gels confirmed incorporation of 
radiolabeled phosphopantetheine into EntF catalyzed 
by EntD (Fig. 8c). Furthermore, a time course of EncD- 
catalyzed incorporation of radiolabel into EntF provides 
in vitro evidence of at least two partner-specific P-pant 
transfer reactions occurring within E. colt. ACPS specif- 
ically catalyzes the transfer of P-pant to apo-ACP, while 
EntD is the transferase for its partner EntF. EntF is 
modified effectively by EntD (100 nM), whereas EntF 
undergoes almost no modification in the presence of 
15-fold higher concentrations of ACPS and ol95, clearly 
demonstrating the specificity of EntD for EntF (Fig. 9a). 
In contrast, apo-ACP is almost exclusively modified by 
ACPS (Fig. 9b), confirming that, in E.co/i ACPS is the 
P-pant transferase that activates the type II fatty acid 
synthase and EntD is the P-pant transferase that activates 
the type I enterobactin synthetase. The autoradiogram in 
Figure 8a shows, however, that both o!95 and EntD can 



modify apo-ACP; the rate of modification is very low, 
yet is significantly higher than the background rate in the 
absence of enzyme (Fig. 8a, lane 5). This is presumably 
due to non-specific enzyme-catalyzed phosphopante- 
theinylation of the conserved serine residue. Assuming 
that the inclusion-bound ol95 has been properly refolded 
and that an additional glycine introduced * after the 
methionine start during PCR cloning has no significant 
effect on activity, it would appear that ol95 is specific for a 
third, as yet unknown, substrate in E. coli\ presumably P- 
pant transfer to this unknown protein would require ol95 
and would not be efficiently catalyzed by ACPS or EntD. 

Specificity of Sfp toward apo-SrfB1, apo-PCP and apo-ACP 

Sfp appears to be non-specific, efficiently catalyzing the 
modification of the two Bacillus derived type I peptide 
synthetase domains, apo-PCP and apo-SrfBl, the £. coli 
type II fatty acid synthase apo-ACP subunit (Fig. 8) and 
EntF (data not shown). Based on this evidence, Sfp would 
appear not to discriminate between type I peptide syn- 
thetase domains and type II fatty acid synthase subunits 
suggesting that there may be crosstalk between Sfp and 
fatty acid synthase, at least when expressed in £. coli. 
Careful kinetic analysis to determine whether Sfp selec- 
tively modifies SrfABC and not the B. subtilis fatty acid 
synthase ACP subunit must await overproduction of the B. 
subtHis ACP, however. Morbid ino and co-workers [29] have 
been able to sequence the entire B. subtilis ACP protein by 
Edman degradation, but the intact a'cpP gene appears to be 
toxic to £. coli and has proven difficult to clone. 
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Figure 8 



1^ 



P-pant transferase reactions. Coomassie-stained gels are shown for 
each P*pant transferase incubation with the corresponding 
autoradiograms and integrated band intensities for individual P-pant 
transferase incubations, (a) Incubations of ACPS (1.8 u.M), o1 95 
(2.2 u-M), EntD (1 .3 p.M), Sfp (1 .6 jtM) or no enzyme with apo-ACP 



(1 50 uJvl) as substrate, (b) Incubations of ACPS (1 .8 u.M), o1 95 
(2.2 u.M), EntD (1.3 uM), Sfp (1.6 jlM) or no enzyme with apo-PCP 
(45 jjlM) as substrate, (c) Incubations of EntD (1 .3 p.M) and Sfp 
(1 .6 yM) with their homologous substrates apo-EntF and apo-SrfBI . 



Hoto-SrfBI can activate L-valine 

The action of Sfp on the 143 kDa SrfBl fragment in 
conversion of the apoform to the holo-form (Fig. 1) should 
generate a phosphopantetheinylatcd SrfBl competent to 
undergo specific recognition and acylation by the amino 
acid L-valine, residue 4 in surfactin (Figs 4,7). Apo-SrfBI 
undergoes very little acylation when incubated with [ 14 C]- 
L-valine, showing that the contamination of this pre- 
paration by holo-SrfBl is small. After incubation with Sfp, 
however, the level of [ H C]-L-valine-holo-SrfBl covalent 
complex formed in the complete, incubation mixture 
increases about 14-fold, consistent with an increase in the 
amount of holo-SrfBl present. The [ I4 C]-L-vaIine is used 
by the amino-acid-activating domain of holo-SrfBl to make 
valyl-AMP which then undergoes intramolecular acyl- 
transfer to the SH group of the P-pant moiety in the 
adjacent PCP domain. Holo-SrfBl cannot be covalently 
acylaced by the non-cognate L-aspartace residue, the fifth 



amino acid to be activated by SrfABC, as expected given 
the absence of an aspartatc-spccific adenylation domain on 
SrfBl. Thus the holo-SrfBl formed following incubation 
with Sfp and CoASH has both an active adenylation 
domain and a functional holo-peptidyl carrier protein 
domain, and should therefore be a useful reagent to probe 
peptide-bond-forming steps between adjacent sites of 
multienzyme, multiple thiotemplate synthases. 

Discussion 

The transfer of 4'-phosphopantetheine from CoASH to 
conserved serine residues in the signature sequences 
of acyl carrier protein domains (type I) or subunits (type II) 
is essential for the functional activation of all fatty 
acid synthases, polyketide synthases and non-ribosomal 
peptide synthetase complexes. This posttranslational 
phosphopancetheinylation introduces a covalently-attached 
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Figure 9 
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Time courses of P-pant transferase activity, (a) Time course of EntD 
(1 00 nM), ACPS (1 .8 pJvt), or o1 95 (1 .5 u.M) incubated with apo-EntF 
(20 pJM) as measured by radioassay. (b) Time course of EntD (1.6 jlM), 
ACPS (1 00 nM), or o1 95 {1 .5 jtM) incubated with apo-ACP (50 (iM). 



nucicophilic thiol on a long tether that becomes the site of 
alt the initiation and acyl transfer events involved in the 
assembly of the broad array of natural products synthesized 
by these enzymes. Thus, identification of the P-pant 
loading enzymes that create the active hoIo-ACP forms by 
posttranslational modification is important to the under- 
standing of both the molecular mechanism of holo-ACP 
formation and the specificity of serine phosphopanteth- 
einylation. These findings will aid in the design of 
strategies for heterologous production of functional 
poiyketide and polypeptide synthetases (e.g. in combin- 
atorial biosynthesis of 'unnatural* natural products), and 
studies aimed at the synthesis of inhibitors of specific 
P-pant loading reactions (e.g. in fungal lysine biosynthesis, 
sec below). 

Our recent purification, characterization, and identi- 
fication of the £. coli holo-ACPS [2] provided the first 



molecular information on this class of posttranslational- 
modifying enzymes. Somewhat to our surprise, initial 
database searches with the £. coli ACPS sequence 
revealed no obvious homologs in the protein databases. 
We eventually detected marginal similarities of 15-22 % 
over 120 residues in the carboxy-terminal region of three 
fungal fatty acid synthases (Fig. 5), indicating that the 
phosphopantetheinylating activity may have been 
integrated as a domain in these polyenzymes. For 
example the carboxy-terminal 121 aa of the 1894-aa yeast 
fatty acid synthase subunit II (yFASII) might act 
intramolecularly to add a P-pant unit to Serl80 on the 
putative ACP domain of this polyprotein. We have not yet 
obtained active fragments of yFASII that catalyze these 
reactions in trans, but Schweizer's group [13-18] has 
previously reported that two mutated fatty acid synthases, 
one in which the mutation is at Serl80 and the other at 
Glyl777, which are inactive alone, can complement each 
other in vivo and in vitro, consistent with this proposal. 

EntD, Sfp and Gsp as specific P-pant transferases 
Starting with E.coli ACPS, we detected three bacterial 
proteins EntD, Sfp, and Gsp which have previously been 
identified by complementation as orthologous genes 
[19,20]. The specific functions of sfp, gsp and entD have 
until now been obscure. The studies described here 
establish that Sfp has phosphopantetheinyl transferase 
activity and clearly assigns a catalytic loading function to 
Sfp. It posttranslationally modifies the conserved serine in 
the first subsite of SrfB, which is responsible for valine 
activation. We expect that Sfp will be able to modify the 
consensus serine residue in all seven amino-acid-activating 
sites in SrfABC (Fig. 4) and by extension that Gsp will 
catalyze P-pant transfer to the five amino-acid activating 
sites in GrsA and GrsB, allowing the sequential activation 
and polymerization of amino acids as required for the 
thiotemplate mechanism for non-ribosomal peptide bond 
assembly [30]. The bli and fpa-l* gene products most 
probably have an equivalent role, that is iterative 
P-pantetheinylation of each amino acid-activating domain 
in B. iicheniformis bacitracin synthetase [31] and B. subtilis 
iturin A synthetase respectively [32]. While in vitro 
enzymatic specificity remains to be fully explored, the in 
vivo genetic studies [11,32] argue strongly for specific 
partner protein recognition by a distinct P-pant transferase. 
This may well be a general theme in non-ribosomal peptide 
antibiotic biosynthesis. While Sfp, Gsp and EntD are 
required for peptide and depsipeptide biosynthesis, these 
proteins are not essential for survival [10,33]. We predict, 
however, that there will be other as yet unidentified P-pant 
transferases in the Bacillus organisms specific for the ACP 
subunits of their respective fatty acid synthases which, like 
E. coli ACPS, will be essential for viability. 

A third example of a partner protein-specific phospho- 
pantetheinyl transferase is EntD, one of the proteins 
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Figure 10 
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P*C]Valine activation by ho!o-SrfB1. In the first column, SrfB1 (2 jiM) 
was preincubated with CoA (200 \xM) in the absence of Sfp before 
subsequent incubation with r 4 C]-L-Va!ine (100 u.M, 42.4 Ci mot" 1 ) and 
ATP (2 mM); In the second column, SrfBt was preincubated with CoA 
(200 uM) in the presence of Sfp (1.3 jjlM) before subsequent incubation 
with [ 14 C]-L-Valine (1 00 u.M, 42.4 a mot" 1 ) and ATP (2 mM). In the 
third column, SrfB1 (2 p.M) was preincubated with CoA (200 u.M) in the 
presence of Sfp (1 .3 u,M) before subsequent incubation with P 4 CR- 
Aspartate (100 |iM, 40.3 Ci mot" 1 ) and ATP (2 mM). 



-required fox production and secretion of the iron- 
scavenging dihydroxybenzoyl-serine trilactone entero- 
bactin in £. colt. We had previously cloned, sequenced, 
and purified EntF, a 140 kDa component of the 
enterobactin synthetase, and demonstrated that it activates 
L-serine and contains phosphopantetheine [6,7], As EntD 
is required for enterobactin biosynthesis in vivo [10] and 
shows high activicy for in vitro P-panteeheinylation of pure 
apo-EntF, it is now clear that EntD is defined as the 
specific P-pant transferase that makes active holo-EntF 
from apo-EntF in vivo. Pure AC PS from E. coli will not 
significantly posttranslationally modify EntF, consistent 
with the hypothesis that protein-protein recognition 



controls the specificity of phosphopantetheinylation in 
vivo. We predict that incubations of EntD and the entero- 
bactin synthetase components with CoASH, L-serine and 
dihidroxybenzoate should reconstitute in vitro enterobactin 
production. At 140 kDa, EntF is the appropriate size for an 
amino-acid-activating module in a multidomain 
polypeptide synthetase [34]. It can be efficiently modified 
in vitro by EntD, showing that P-pant addicion can occur 
after translation of the apo-protein, and not only co- 
translationally prior to folding of the apo-protein into its 
native stmcture.The NMR structure of E. coli apo-ACP 
shows that the nucleophilic Ser36 is in an accessible 3-turn 
[35]; this may be a common architectural scaffolding for 
ACP domains in polyketide and polypeptide synthases and 
may be important in recognition by P-pant transferases. 

Oth'er P-pantetheinyl transferases 

Using the EntD/Sfp/Gsp family as a base for further 
database searches has led to the identification of several 
additional candidates that are probably P-pant transferase 
family members (Table 1). Of these, in addition to ACPS 
and EntD, we have subcloned, expressed and 
characterized o!95 as a third E. coli protein with P-pant 
transferase activity. The activity of o 195 towards apo-ACP 
and apo-EntF is low, suggesting that ol95 specifically 
catalyzes efficient .P-pant transfer to an as yet unidentified 
substrate. A hypothetical protein, HI0152, in Haemophilis 
influenzae has been identified as a putative P-pant 
transferase. This resolves the apparent problem that no P- 
pant transferase in the Haemophilis genome had previously 
been found using ACPS-based searches. HI0152 is 
positioned directly upstream of the H. influenzae fatty acid 
synthase gene cluster, consistent with the notion that its 
protein product might be involved in fatty acid biogenesis. 
There is also some evidence that two additional proteins 
in cyanobacteria have similar functions (Table 1). In 
Anabaena, the genes Hetl, HetM, and HetN have been 
implicated in the production of an unidentified secondary 
metabolite that inhibits heterocyst differentiation (a 
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Scheme showing the reaction we now propose to be catalyzed by adipoy!-S-pant-Lys2. This thioester then undergoes direct reduction in 
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aminoadipate is transferred from aminoadipoyl-AMP to yield a-amino- which then decomposes to the a-aminoadipate semialdehyde. 



process occurring under low fixed nitrogen condicions in 
which a subscc of cyanobacterial cells differentiate into 
the specialized hecerocysts which have the ability to fix 
nitrogen) [36]. Sequence analysis suggests HetN is a 
NAD(P)H-dcpcndcnt oxidorcductasc like those involved 
in the biosynthesis of polyketides and fatty acids, while 
HetM has an ACP domain. Hetl shows similarity to 
Sfp/Gsp/EntD, and is thus likely to be the HetM-specific 
phosphopantetheinyl transferase in the synthesis of the 
hypothesized secondary metabolite. 

A final example is the 272-aa Lys5 protein involved in the 
yeast lysine biosynthetic pathway. Yeast and other fungi 
synthesize lysine via the unique a-aminoadipate pathway, 
an eight-step pathway beginning with homocitratc and 
proceeding via a-aminoadipate to saccharopine to lysine 
[37]. Complementation analysis suggests that Lys2 and 
Lys5 arc involved in the same step in this pathway, 
the reduction of a-aminoadipate to aminoadipate 
semialdehyde [38]. Labeled pyrophosphate exchange 
experiments indicate that this reaction appears to proceed 
through an a-aminoadipoyl-AMP intermediate [39,40]. 
Recent sequence analysis [41] shows Lys2 to be a 
155 kDa protein with homology to amino-acid-activating 
peptide synthetases including TycA, GrsAB, and SrfA. 
Like these peptide synthetases, Lys2 is believed to cleave 



ATP to AMP and PPi, activating a-aminoadipate to the 
a-aminoadjpoyl-AMP which is then reduced by NADPH 
to the aldehyde (Fig. 11). A search for a consensus P-pant 
attachment site in Lys2 reveals the signature motif 
LGGHS around Ser880. We therefore propose, in contrast 
to previous suggestions, that Lys2 and Lys5 may form a 
two-subunit enzyme [38], that the 272-aa Lys5 is a 
specific phosphopantetheinyl transferase for Ser880 in 
Lys2. The thiol of the newly-introduced P-pant prosthetic 
group on Lys2 would attack the aminoadipoyl-AMP to 
give aminoadipoyl-S-pant-L,ys2, in a similar manner to the 
sequential formation of aminoacyl-AMP to aminoacyl-S- 
pant-TycA in the homologous tyrocydine synthetase A 
subunit (Fig. 12). At this point, hydride addition to the 
acyl-S-pant-Lys2 would yield a thiohemiacetal which 
would readily decompose to aldehyde product and 
HS-pant-Lys2. This sequence has precedent in the 
reverse direction in the oxidation of gIyceraIdehyde-3-P to 
the acyl-S-enzyme in GAP dehydrogenase catalysis via a 
cysteinyl-S-enzymc hemithioacetal [42]. 

Significance 

We have obtained evidence for a family of more than 
a dozen proteins with catalytic posttranslational 
modification activity. We anticipate that all these proteins 
will prove to be phosphopantetheinyl transferases with 
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CoASH as a common substrate but will show specificity, 
directed by protein-protein interactions, for the conserved 
serine motif in particular partner proteins. It is likely that 
most, if not all, of the multienzyme peptide synthetases 
that use the multiple thiotemplate scaffolding strategy to 
make peptide antibiotics nonribosomaily [30] will have 
a partner-protein-specific posttranslational modifying 
enzyme that covalendy adds the swinging arm thiol group 
required to enable acyl transfers. The new proteins in this 
family are 50-150 amino acid residues longer than the 
first one discovered, the 125-aa £. coli ACPS subunit; 
these extra amino acids may be responsible for specificity 
of partner-protein binding. It remains to be seen whether 
the many polyketide synthase complexes will use this 
strategy for posttranslational modification. 



Materials and methods 

Overproduction, purification and characterization ofEntD, Sfp, 
and o 195 

8. subtitts Sfp was overproduced and purified from £ coli strain 
MV1190/pUC8-sfp as previously described by Nakano et a/. [1 1l 
(Fig. 6). EntD was PCR*amplified from wild-type £ coli K-1 2 by colony 
PCR using the forward primer S^ATTATATCCATGGgtTCcTCcGTtTC- 
cAAcATGGTCGATATGAAAACTACGCA-3' and the reverse primer 
5'-TGATGTCAASCUATTAATCGTGTTGGCACAGCGTTAT-3' (IDT). 
The forward primer introduced an Nco\ restriction site (underlined) 
. which allowed mutation of the TTG start to an ATG start and inserted a 
Gly codon (GGT) after the Met initiator, In addition the forward primer 
optimized codon usage for the first six codons of the enfD gene 
(modified bases shown in lower case). The reverse primer incorporated 
a H/ndlll restriction site (underlined). The A/col/Hmdlll digested PCR 
product was cloned into pET28b (Novagen) and transformed into 
competent £ coli DHSa. The recombinant entD sequence was 
confirmed -by DN A sequencing {Dana-Farber Molecular Biology Core 
Facility, Boston, MA). Competent ceils of the overproducer strain £ coli 
BL21 (DE3) were then transformed with the supercoiled pET28b-enfD. 
Induction of a 2-I culture of BL21 (DE3)pET28b-enfD with 1 mM 
isopropyl-p-O-thiogalactopyranoside (IPTG) followed by growth at 25'C 
for 5 h yielded predominantly inclusion-bound EntD, although a modest 
amount of the overproduced protein was soluble. The overproduction of 
soluble EntD may be complicated by the fact that the wild type Ent 
proteins are synthesized in detectable quantities only under iron-starved 
conditions. Furthermore, although the recombinant EntD is functional as 
a soluble protein, the wild type EntD has been reported to be 
membrane bound [43]. The induced cell paste was resuspended in 
50 mM Tris, 1 mM EDTA, 5 % glycerol, pH 8.0 (40 ml) and lysed fcy 
two passages through the French press at 15 000 psi. Cellular debris 
and inclusion bound protein was removed by centrifugation at 8000 x g 
for 30 min. Pulverized ammonium sulfate was added to 35 %, 65 % and 
80 % saturation. The 35 % fraction containing the largest fraction of 
EntD was applied to a 2.5 x 115 cm Sephacryl S-100 column. The 
column was eluted at a flow rate of 1 ml min* 1 using the same buffer as 
above, collecting 8 ml fractions to obtain homogeneous protein. 

Similarly, o195 was PCR-amplified from wild-type £ coli K-1 2 by colony 
PCR using the forward primer S'-ATTATATOCATGGgtTAcCGGAT 
AGTTCTGGGGAAAGTT-3' and the reverse primer 5'-TGATGTCAA 
GCUATCAGTTAACTGAATCGATCCATTG-3'(IDT). The forward 
primer with its Nco\ restriction site (underlined) gave insertion of a Gly 
codon (GGT) after the Met initiator codon of the o195 sequence; 
codon usage for the succeeding codon was also optimized (base 
change shown in lower case). The reverse primer incorporated a H/ndlll 
restriction site (underlined). The Wcol/H/7>dlll-digested PCR product 
was cloned into pET28b (Novagen) and transformed into competent 



£ coli DH5d. The recombinant o1 95 sequence was confirmed by 
DNA sequencing (Dana-Farber Molecular Biology Core Facility, Boston, 
MA). Competent cells of the overproducer strain £ coli BL21(DE3) 
were then transformed with the supercoiled pET28b-o1 95. Induction of 
a 2-I culture (2 x YT media) of BL21 (DE3)pET28-o1 95 with 1 mM 1PTG 
followed by growth at 37* C for 3.5 h yielded predominantly inclusion- 
bound o195 protein. The cell paste was resuspended in 50 mM 
Tris-HCI, 1 mM EDTA, 5 % glycerol, pH 8.0 (40 ml) and lysed by two 
passages through a French pressure cell at 1 5 000 psi. Cellular debris 
and inclusion-bound protein was pelleted by centrifugation at 
27 000 x g for 30 min. The inclusion-bound protein pellet was resus- 
pended in 30 ml of 50 mM Tris-HCI, pH 8.0, 1 mM EDTA, and 5 % 
glycerol and incubated for 30 min at room temperature with 1 0 mg 
lysozyme and 30 mg deoxycholate. The pellet was reobtained by 
centrifugation for 1 5 min at 27 000 x g and solubilized in 30 ml of 8 M 
urea, 50 mM Tris-HCI, pH 8.0, 10 mM dithiothreitol (DTT). Residual 
solid material was removed by centrifugation for 1 5 min at 27 000 x g. 
The urea-solubifeed solution (30 ml) was then applied to a 2.5 x 1 0 cm 
O-Sepharose column equilibrated with 8 M urea, 50 mM Tris-HCI, 
pH 8.0. The column was washed with 50 ml of the equilibration buffer 
and then a gradient of 250 ml 0-0.25 M NaCI in 8 M urea, 50 mM 
Tris-HCI pH 8.0 followed by 200 ml of 0.25-1 M NaCI in the same 
buffer was applied. The o195 protein eluted at -200 mM NaCI as 
determined by 1 5 % 3D5-PAGE. Tne purified o1 95 was renatured by 
diluting a portion of it 1 0-fotd in 8 M urea, 50 mM Tris-HCI, pH 8.0, 10 
mM DTT and dialyzing overnight at 4°C against 10 mM Tris-HCI, 
pH 8.0, 1 mM DTT. Two liters of culture grown in 2 x YT media yielded 
3.1 g of cells from which -80 mg of o1 95 protein was obtained. 

Production of apo-protein substrates, apo-ACP, apo-PCP, 
apo-EntF, and apo-SrfB 

The £ coli fatty acid synthase ACP was overproduced and purified in 
its apo-form from £ constrain DK554 [21] following the procedure of 
Rock and Cronan [44) with the exception that following cell disruption 
and centrifugation (30 min at 28 000 x g), the crude extract containing 
10 mM MgCI 2 and 10 mM MnQ 2 was incubated for 60 min at room 
temperature. In this manner, minor amounts of hoIo-ACP were hydrotyzed 
to the apo-form using the endogenous £ coli ACP phosphodiesterase 
[45]. The PCP domain of TycA was overproduced with a hexahistidine 
tag using £ coli strain SGl3009(pREP4)/pQE60-PCP [8]. Following 
lysis of the induced culture the His 6 -tagged protein was purified by 
nickel-chelate chromatography. £ coli apo-EntF was purified as 
previously described [7]. 

Apo-SrfBl was cloned from plasmid p1 20-21 E [46]. Briefly, p1 20-21 E 
was digested with EcoRV to release a 3648-base-pair fragment 
encoding the SrfBl, vafine-activating domain of surfactin synthetase. 
This fragment was inserted into Stul-cleaved pPROEX-1 (Gibco/BRL 
Life Sciences Technologies) to give plasmid pML1 1 8 which codes for a 
amino-terminal His B -tagged SrfBl domain (142.7 kDa). Hisg-SrfBI was 
overproduced using £ coli strain AG 1574 (courtesy A. Grossman) 
[47]. Cells were grown at 25° C in 2 x YT media (2 I) to an O.D. of 0.4 
at which point they were induced with 1 mM IPTG and allowed to grow 
for an additional 4 h. Cells were harvested by centrifugation (3 g). 
resuspended in 35 ml of 5 mM imidazole, 500 mM NaCI, 20 mM 
Tris-HCI, pH 7.9 and rysed by two passages through a French pressure 
cell. This crude extract was clarified by centrifugation for 30 min at 
27 000 x g. More than 50 % of the overproduced SrfBl was obtained 
in the soluble fraction as determined by 6 % SDS-PAGE His 6 -tagged 
SrfBl was purified on His-Bind resin (Novagen) following the 
manufacturer's recommendations. 

Assay for apo-protein to holo-protein conversion by 3 H-P-pant 
group transfer from 3 H-coenzyme A 

P-pant transferase activity (Fig. 1) was measured by radioassay. 
Enzyme preparations (final enzyme concentrations of 0.1-2.2 u.M) 
were incubated with 75 mM Tris-HCI, pH 8.8. 10 mM MgCI 2 . 25 mM 
DTT, 200 }lM pHHpantetheinyl)-CoASH (5.3 x 10 6 dpm total activity) 
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and substrate (apo-ACP, apo-PCP, apo-EntF or apo-SrfBI, at final 
concentrations of 10-150 for various times at 37° C in a final 
volume of 1 00 \il The incubations were quenched with 1 0 % TCA and 
500 u-g bovine serum albumin (BSA) was added as a carrier. The 
protein was precipitated by centrifugation, washed 3 times with 1 0 % 
TCA, and the protein pellet solubilized with 1 50 u.I 1 M Tris base. The 
resuspended protein was added to 3 ml liquid scintillation cocktail and 
the amount of pHj-phosphopantethetne incorporated into the 
substrate protein was quantified by liquid scintillation counting. Assays 
for autoradiography were performed as described above except 
20 u.M PHMpantetheinyU-CoASH (2.6 x 10 5 dpm total activity) was 
used in the assay, no BSA was added to the TCA precipitate, and 
pellets were solubilized in SDS or native PAGE sample buffer titrated 
with 1 M Tris base. Assays using apo-PCP as substrate were resolved 
by 1 5 % SDS-PAGE, assays using £ coli ACP were resolved by 20 % 
native PAGE, and assays using SrfBl or EntF were resolved on 8 % 
SDS-PAGE. Gels were Coomassie-stained, soaked for 30 min in 
Amplify (Amersham), dried at 80° C under vacuum and exposed to X-ray 
film for 24-1 50 h at -70°C (Rg. 8). The autoradiograms were scanned 
using a digital scanner and relative intensities of the radiolabeled bands 
were quantified using NIH Image 1.59 software (National Institutes 
of Health, USA). 

Assay for activation of L-valme by hofo-SrfB1 
Apo-SrfBl (2 u.M) was incubated with 200 u.M CoASH, 75 mM 
TrisHCI pH 8.0, 10 mM MgCI 2 .. 25 mM DTT and 1.3 uJvl Sfp for 
15 min at 37° C to generate holo-SrfBl. To the SrfB1-Sfp reaction 
mixture, 14 C-labeIed amino acid (valine, 42.4 Ci moM; aspartic acid, 
40.3 Ci mol" 1 ) was added to 1 00 u.M final concentration. ATP was 
added to a final concentration of 2 mM and the reaction (1 1 5 u.L) was 
incubated for 1 5 min at 37° C, then stopped by the addition of 800 yd. 
10 % TCA with 1 5 u.l of a 25 mg ml" 1 BSA solution as carrier. The 
precipitate was collected by centrifugation, washed with 1 0 % TCA, 
"absolved in 1 50 uJ Tris base, and then counted by liquid scintillation. 

Acknowledgements 

The authors thank Professor William Strohl (Ohio State University) for 
sharing the S. actuosus NshC protein sequence prior to publication. This 
work was supported by National Institutes of Health grants GM200U 
(CTW), GM45898 (PZ) CA66736 (CK) and 5T32-GM08313-07 (RSF). CK 
was also supported by grant MCB-9417419 fronvthe National Science 
Foundation. MAM was supported by the Deutsche Forschungsgemeinschaft 
and the European Commission. RHL was supported by National Institutes of 
Health Post-Doctoral Fellowship GM1 6583-03. AMG is a Howard Hughes 
Medical Institute Predoctoral Fellow. 

References 

1. Schlumbohm, W., et al., & Wittmann-Liebold, B. (1 991). An active 
serine is involved in covalent substrate amino acid binding at each 
reaction center of gramicidin S synthetase. / Biol Chem. 266, 
23135-23141. 

2. Lambalot, R.H. & Walsh, C.T. (1 995). Cloning, overproduction, and 
characterization of the Escherichia coli holo-acyl carrier protein 
synthase. / Biol Chem. 270. 24658-24661. 

3. Takiff, H.E, Baker, T., Copeland, T., Chen, S.M. & Court, D.U (1 992). 
Locating essential Escherichia coli genes by using mini-Tnl 0 
transposons: the pdxJ operon. X Bacteriot. 1 74, 1 544-1 553. 

4. Debabov, D.V., Heaton, M.P„ Zhang, a, Stewart, K.D., Lambalot, R.H. 
& Neuhaus, F.C. (1 996). The o-alanyl carrier protein in Lactobacillus 
case/: cloning, sequencing, and expression of dttC. X Bacteriot. 178, 
3869-3876. 

5. Ritsema, T., Geiger, O., van Dillewijn, P., Lugtenberg, B J J. & Spaink, 
H.P. (1994). Serine residue 45 of nodulation protein NodF from 
Rhizobium leguminosarum bv. viciae is essential for its biological 
function. X Bacteriot. 176, 7740-7743. 

6. Rusnak, F., Sakaitani, M. t Drueckhammer, D„ Reichart. J. & Walsh, 
C.T. (1 99 1 ). Biosynthesis of the Escherichia coli siderophore 
enterobactin; sequence of the enf^ gene, expression and purification 
of EntF, and analysis of covalent phosphopantetheine. Biochemistry 
30, 2916-2927. 

7. Reichert, J., Sakaitani. M. & Walsh. C.T. (1 992). Characterization of 
EntF as a serine-activating enzyme. Prot Sd. 1, 549-556. 



8. Stachelhaus, T, Huser, A. & Marahtel, M. (1 996). Biochemical 
characterization of pepttdyl carrier protein (PCP), the thiolation domain 
of multifunctional peptide synthetases. Chemistry & Biology 4, 
913-921. 

9. Hetschmann, R.D., et at. 4 Venter, J.C. (1 995). Whole-genome 
random sequencing and assembly of Haemophilus influenzae Rd. 
Science 269, 496-512. 

1 0. Coderre, P.E. & Earhart, C.F. (1 989). The enfD gene of the 
Escherichia coff K1 2 enterobactin gene cluster. X Geri. Microbiol. 
135, 3043-3055. 

1 1. Nakano, M.M., Corbell, N. f Besson, J. & Zuber, P. (1 992). Isolation and 
characterization of sfp: a gene that functions in the production of the 
Hpo peptide biosurfactant, surfactin, in Bacillus subtitis. Mot. Gen. 
Genet 232,313-321. 

1 2. Altschul, &F„ Gish, W., Miller, W., Myers, EW. & Lipman, D J. (1 990). 
8asic local alignment search toot / Mot. Biot. 215, 403-410. 

1 3. Kuhn, L, Castorph, H. & Schweizer, E. (1 972). Gene linkage and 
gene-enzyme relations in the fatty-acid-synthetase system of 
Saccharomyces cerevisiae. Eur. X Biochem. 24, 492-497. 

1 4. Schweizer, E, Kniep. B., Castorph, H. & Hofener, U. (1 973). 
Pantetheine-free mutants of the yeast fatty-acid-synthetase complex. 
Eur. X Biochem. 39, 353-362. 

1 5. Schweizer, E. (1 977). Biosynthese und Struktur des Fettsaure- 
synthetase-Komplexes der Hefe. Naturwissenschaften 64, 366-570. 

1 6. Schweizer, E. ef a/., & Zauner, J. (1 987). Genetic control of fatty acid 
synthetase biosynthesis and structure in lower fungt. Fat Sd. Tech. 
89, 570-577. 

1 7. Werkmei3ier, rC. Wieland, F. d Schweizer, E. (1 980). Coenzyme A: 
fatty acid synthetase apoenzyme 4'-phosphopantetheine transferase in 
yeast Biochem. Btophys. Res. Commuri. 96, 483-490. 

1 8. Schorr, a, Mittag, M„ Muller, G. & Schweizer, E. {1 994). Differential 
activities and intramolecular location of fatty acid synthase and 
6-methylsaltcyIic acid synthase component enzymes. Journal of Plant 
Physiology 1 43, 407-41 5. 

1 9. Borchert, S., Stachelhaus, T. & Marahiel, MA (1994). Induction of 
surfactin production in Badllus subtilis by gsp, a gene located 
upstream of the gramicidin S operon in Bacillus crews. X Bacteriot. 
176, 2458-246Z 

20. Grossman, T.K, Tuckman, M„ EHestad, S. & Osburne, MS. (1 993). 
Isolation and charactenzation of Badllus subtitis genes involved in 
siderophore biosynthesis: relationship between fl. subtilis sfpo and 
Escherichia coli entD genes. X Bacteriot. 1 75, 6203-621 1 . 

21 . Keating, D.H„ Carey, M.R. & J. E Cronan, J. (1 995). The unmodified 
(apo) form of Escherichia coli acyl carrier protein is a potent inhibitor 
of cell growth. X Biot. Chem. 270. 22229-22235. 

22. Crosby, J., Sherman, D.H., Bibb, M J., Revill, W.P., Hopwood, D J. & 
Simpson, TJ. (1995). Polyketide synthase acyl carrier proteins from 
Streptomyces: expression in Escherichia co//, purification and partial 
characterization. Biochim. Biophys. Acta 1251, 32-42. 

23. Hill, R.B., MacKenzie. K.FL, Ranagan, J.M, J. E Cronan, J. & Prestegard, 
JJH. (1 995). Overexpression, purification, and characterization of E co// 
acyl carrier protein and two mutant proteins. Protein Expr. Purif. 6, 394. 

24. Mattick, J.S., Tsukamoto, Y„ Nickless, J. & Wakit, S J. (1 963). The 
architecture of the animal fatty acid synthetase I. Proteolytic dissection 
and peptide mapping. X Biol. Chem. 258, 15291-15299. 

25. Mattick, J.S.. Nickless, J., Mtzugaki, M, Yang, CY, Uchiyama, S. & 
Wakfl, SJ. (1 983). The architecture of the animal fatty add synthetase II. 
Separation of the core and th to esterase functions and determination of 
the N-C orientation of the subunit / 8iot. Chem. 258. 1 5300-1 5304. 

26. Wong, K, Mattick, J.S. & Wakil, SJ. (1 983). The architecture of the 
animal fatty acid synthetase III. Isolation and characterization of the 
p-ketoacyl reductase. X Biot. Chem. 258, 1 5305-1 531 1 . 

27. Tsukamoto, Y., Wong, H., Mattick, J.S. & Wakil, SJ. (1 983). The 
architecture of the animal fatty acid synthetase complex IV. Mapping 
of active centers and model for the mechanism of action. X Biol. 
Chem. 258, 15312-15322. 

28. Tsukamoto, Y. & Wakil, SJ. (1 988). Isolation and mapping of the 
B-hydroxyacyl dehydratase activity of chicken liver fatty acid 
synthetase. X Biol. Chem. 263, 16225-16229. 

29. Morbidoni, H.R^ De Mendoza, D. & Cronan, J.E, Jr. (1 996). Badllus 
subtitis acyl carrier protein is encoded in a cluster of lipid biosynthesis 
genes. X Bacteriot. 1 78, 4794-4800. 

30. lipmann, F. (1 97 1 ). Attempts to map a process evolution of peptide 
biosynthesis. Sdence 1 73, 875-884. 

31 . Gaidenko, TA, Befitsky, B.R. & Haykinson, M J. (1 992). 
Characterization of a new pleiotropicr regulatory gene from Badllus 
ticheniformis. tVotechnotogia, 13-19. 



936 Chemistry & Biology 1 996, Vol 3 No 1 1 



Huang, C.-C., Ano. T. & Shoda, M. (1 993). Nucleotide sequence and 
charateristics of a gene, lpa-14, responsible for the biosynthesis of the 
fipopeptide antibiotics iturin A and surfactin from Bacillus subtilis 
RB1 4. J. Ferment Bioeng. 76, 445-450. 

Nakano, M.M., Marahiel, M.M. & Zuber, P. (1 988). Identification of a 
genetic locus required for biosynthesis of the lipopeptide antibiotic 
surfactin in Bacillus subtilis. J. Bacterid. 170, 5662-5668. 
Stachelhaus, T. & Marahiel, MA. (1 995). Modular structure of genes 
encoding multifunctional peptide synthetases required for non- 
ribosomal peptide synthesis. FEMS Microbiol Lett 125, 3-14. 
Holak, T.A^ Nilges, M., Prestegard, J.H., Gronenborn, A.M. & Clore, 
G.M. (1988). Three-dimensional structure of acyl carrier protein in 
solution determined by nuclear magnetic resonance and the combined 
use of dynamical simulated annealing and distance geometry. Eur. J. 
Biochem. 175, 9-15. 

Black, TA & Wolk, CP. {1 994). Analysis of a Her mutation in 
Anabaena sp. strain PCC 71 20 implicates a secondary metabolite in 
the regulation of heterocyst spacing. J. Bacterid. 176, 2282-2292. 
Bhattacharjee, JJC (1985). a-Aminadipate pathway for the biosynthesis 
of lysine in lower eukaryotes. CRC Crit Rev. Microbiol 1 2, 131 -1 51 . 
Starts, D.R. & Bhattacharjee, J.K. (1989). Properties of revertants of 
Lys2 and LysS mutants as well as a-aminoadipate-semialdehyde - 
dehydrogenase from Saccharomyces cerevisiae. B'tochem. Biophys. 
Res, Commun. 1 61 , 1 82-1 86. 

Sagisaka, S. & Shimurai K. (1 960). Mechanism of activation and 
reduction of u-aminoadipic acid by yeast enzyme. Nature 188, 
1189-1190. 

Sinha, A.K. & Bhattacharjee, JJC (1971). Lysine biosynthesis in 
Saccharomyces, Conversion of a-aminoadipate into a-aminoadipic 
6-semiaIdehyde. Biochem. J. 125, 743-749. 

Morris, M.E & Jinks-Robertson, S. (1991). Nucleotide sequence of the 
LYS2 gene of Saccharomyces cerevisiae: homology to Bacillus brevts 
tyrocidine synthetase 1. Gene 98, 141-145. 
Walsh, C.T. (1 979) Enzymatic Reaction Mechanisms. W.H. Freeman 
and Company, NY, USA. " * 

-43. Armstrong, S.K., Pettis, G.S., Forrester, U.. & Mcintosh, M. (1 989). 
The Escherichia coll enterobactin biosynthesis gene enfO: nucleotide 
sequence and membrane localization of its protein product Mot. 
Microbiol 3, 757-766. 

Rock, CO. & Cronan, J.E., Jr. (1 981). Acyl carrier protein from 
Escherichia coll Methods EnzymoL 71, 341-351. 
Rschl, A.S. & Kennedy, EP. (1 990). Isolation and properties of acyl 
carrier protein phosphodiesterase of Escherichia coll X Bactertol 
172,5445-5449. 

Nakano, M.M., Magnuson, R., Myers, A., Curry, J M Grossman, A.D. & 
Zuber, P. (1 991). srfA is an operon required for surfactin production, 
competence development, and efficient sporulation in Bacillus 
subtilis. J. BacterioL 1 73, 1 770-1 778. 

Frisby, D. & Zuber, P. (1 991 ). Analysis of the upstream activating 
sequence and site of carbon and nitrogen source repression in the 
promoter of an early-induced sporulation gene of Bacillus subtilis. 
J. Bacteriol 173, 7557-7564. 



32. 



33. 



34 



35 



36. 



37.. 



38. 



39. 



40. 



41. 



42. 



44. 



45. 



46. 



47. 



C, 




NCBI Sequence Viewer v2.0 



http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db^rotein&val= 1 . 




99 ©90 




99 



£ Protein 



My NCBI 



Welcome jmullen3d fSign Outl 



PubMed 



Nucleotide 



Search I Protein 



Protein 

forr~ 



Genome 



Structure 



PMC 



Taxonomy 

Go I Clear 



OMIM 



Books 



Display | GenPept 
Range: from [begin 



Limits Preview/Index 

y| Show I 5 Send to g] 



History 



Clipboard 



Details 



□ l: P43954. Reports Putative 4'-phosp...[gi:l 175173] 



Features: C SNP □ CDD E MGC EHPRD & STS 15- tRNA Refresh J 

BLink, Conserved 
Domains, Links 



LOCUS 

DEFINITION 
ACCESSION 
VERSION 
DBSOURCE 



KEYWORDS 

SOURCE 

ORGANISM 



REFERENCE 
AUTHORS 



TITLE 

JOURNAL 
PUBMED 
REMARK 

COMMENT 



FEATURES 

source 



gene 



Protein 



Site 



Site 



P43954 235 aa linear BCT 13-SEP-2005 

Putative 4 * -phosphopantetheinyl transferase HI0152. 

P43954 

P43954 GI:1175173 

swissprot: locus Y152_HAEIN, accession P 43 954 ; 

class: standard. 

created: Nov 1, 1995. 

sequence updated: Nov 1, 1995. 

annotation updated: Sep 13, 2005. 

xrefs: U32701.1 , AAC21831.1 , H64002 

xrefs (non-sequence databases) : TIGRHI0152, InterProIPR008278 , 
PfamPF01648 

Complete proteome; Hypothetical protein; Magnesium; Metal -binding ; 
Transferase . 
Haemophilus influenzae 
Haemophilus influenzae 

Bacteria; Proteobacteria; Gammaproteobacteria; Pasteurellales; 
Pasteurellaceae; Haemophilus. 
1 (residues 1 to 235) 

Fleischmann,R.D. , Adams, M.D., White, 0., Clayton,R.A. , 
Kirkness,E.F. , Kerlavage,A.R. , Bult,C.J., Tomb,J.-F., 
Dougherty, B-A. , Merrick, J. M. , McKenney,K., Sutton, G.G., 
FitzHugh,W., Fields, C. A., Gocayne , J . D . , Scott, J. D. , Shirley, R., 
Liu,L.-I., Glodek,A., Kelley,J.M., Weidman, J. F. , Phillips, C. A. , 
Spriggs,T., Hedblom,E., Cotton, M.D., Utterback, T . R . , Hanna,M.C, 
Nguyen, D.T., Saudek,D.M., Brandon, R. C. , Fine,L.D., Fritchman, J. L. , 
Fuhrmann , J . L . , Geoghagen , N . S . M . , Gnehm,C.L., McDonald, L. A. , 
Small, K. V., Fraser,C.M., Smith, H.O. and Venter, J. C. 
Whole -genome random sequencing and assembly of Haemophilus 
influenzae Rd 

Science 269 (5223) , 496-512 (1995) 
7542800 

NUCLEOTIDE SEQUENCE [LARGE SCALE GENOMIC DNA] . 
STRAIN=Rd / KW20 / ATCC 51907 

On Jun 10, 2005 this sequence version replaced gi : 1 074285 
[FUNCTION] May transfer the 4 1 -phosphopantetheine moiety from 

coenzyme A (CoA) to a serine residue of a carrier protein domain 
(By similarity) . 

[COFACTOR] Magnesium (By similarity) . 

[SIMILARITY] Belongs to the P-Pant transferase superfamily. 
Gsp/sfp/hetl/acpT family. 
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/organi sm= " Haemophi lus influenzae " 
/ db_xr e f = " t axon : 7 27 " 
1. .235 

/locus_tag="HI0152" 
1. .235 

/locus_tag="HI0152" 

/product="Putative 4 • -phosphopantetheinyl transferase 
HI0152" 

/EC_number= " 2.7.8.- " 
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/locus_tag="HI0152" 
/site_type= "metal -binding " 

/inference= "non- experimental evidence, no additional 
details recorded" 

/note= "Magnesium (By similarity)." 
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